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i».,  abstract 

This  introductory  report  reviews  approaches  taken  by  s.ajor  investigators  of  ti'.e  soil-track  system  and  de¬ 
scribes  in  detail  the  facilities,  techniques,  and  low-range  program  that  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  will  use  to  develop  a  comprehensive,  quantitative  description,  of  ti'.e  behavior  of  soils 


under  track  load: 
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efini.tj.ons  of  mobility  terms  applicable 

to  t!ie  soil-track  system.  The  laboratory  model  track' to  be  used  in  the  program  is  a  fairly  large-scale 
single-track  system  designed  for  use  in  a  dynamometer  carriage-soil  bin  arrangement.  The  system  is  extremely 
versatile  and  can  be  adjusted  as  necessary  to  evaluate  the  many  variables  that  influence  straight-line  track 


performance  in  soil.  Initially,  the  model  track,  will  be  used  to  determine  the  primary  independent  parameters 
for  tracks  operating  in  air-dry  sand.^  The  values  of  the  primary  parameters  will  be  varied  in  later  tests  to 
develop  a  basic-parameter  track  performance  prediction  term.  Finally,  the  influence-  of  the  parameters  not  in¬ 
cluded  in  the  basic -parameter  prediction  term  will  be  determined,  and  the  prediction  term  modified  to  include 
functions  of  any  additional  parameters  that  influence  track  performance  in  sand  significantly.  A  similar  pro¬ 
gram  of  tests  will  be  used  to  develop  a  moans  for  predicting  track  performance  in  fine-grained  soils.  Tests 


to  determine  track  performance  in  layered  soil  systems  are  also  planned.  In  the  final  stages  of 
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cones  and.  if  neces¬ 
sary,  to  develop  a  now  theory.  'Field  tests  will  then  b°  conducted  to  determine  ti  what  extent  laboratory- 
developed  track  performance  prediction  terms,  must  be  modified  to  predict  in -the -field  performance, 
describes  the  Plackett-Burman  tost  design,  which  will  be  used  to  identify  the  rust  Important  variabl 
system  with  a  minimum  of  testing.  Appendix  E  presents  the  Waterways  Experiment  Station,  mobiii 
las  for  tracked  vehicles. 
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FOREWORD 


The  test  facilities  and.  techniques  described  herein  are  being  used  to 
conduct  studies  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
('WES )  as  a  part  of  the  vehicle  mobility  research  program  under  DA  Project 
1T062103AC46,  "Trafficability  and  Mobility  Research,"  Task  03,  "Mobility 
Fundamentals  and  Model  Studies,"  under  the  sponsorship  and  guidance  of  the 
Research,  Development  and  Engineering  Directorate,  U.  S.  Army  Materiel 
Command . 

Testing  to  determine  the  performance  of  soils  under  track  loads  is  be¬ 
ing  conducted  by  personnel  of  the  Mobility  Research  Branch  (MRB) ,  Mobility 
and  Environmental  (M&E)  Division,  WES,  under  the  general  supervision  of  Mr. 
W.  G.  Shockley,  Chief,  M&E  Division,  and  under  the  direct  supervision  of 
Mr.  S.  J.  Knight,  Assistant  Chief,  M&E  Division,  and  Chief,  MRB.  The  study 
began  in  19 68  under  the  leadership  of  Dr.  D.  R.  Freitag,  former  Chief,  1KB, 
and  now  Chief,  Office  of  Technical  Programs  and  Plans,  WES.  Dr.  K.  W. 
Wiendieck,  formerly  an  engineer  in  the  MRB,  contributed  many  significant 
suggestions  and  recommendations .  All  personnel  of  the  Operations  Group  of 
the  MRB  are  actively  engaged  in  the  study.  This  report  war  prepared  by  Mr. 
G.  W.  Turnage  of  the  Research  Projects  Group,  MRB. 

COL. Levi  A.  Brown,  CE,  and  COL  Ernest  D.  Peixotto,  CE,  were  Directors 
of  the  WES  during  this  study  and  the  preparation  of  this  report.  Mr.  F.  R. 
Brown  was  Technical  Director. 
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CONVERSION  FACTORS,  METRIC  'TO  BRITISH  AND  BRITISH  TO 
METRIC  UNITS  OF  MEASUREMENT 


Metric  units  of  measurement  used  in  this  renort  can  be  converted  to  British 


units  as  follows: 

Multiply 

By 

To  Obtain 

meters 

3.281 

feet 

centimeters 

0.3937 

inches 

kilonewtons 

224.8 

pounds 

newtons 

0.2248 

pounds 

kilonewtons  per  square  meter 

0.1450 

pounds  per  square  inch 

square  centimeters 

0.155 

square  inches 

centimeters  per  second 

0.3937 

inches  per  second 

meters  per  second 

3.281 

feet  per  second 

meganewtons  per  cubic  meter 

3.684 

pounds  per  cubic  inch 

cubic  decimeters 

0.2642 

gallons 

meter-kilcnewtons 

737.6 

foot-pounds 

British  units  of  measurement 

used  in 

this  report 

can  be  converted  to  metric 

units  as  follows: 

Multiply 

By 

To  Obtain 

pounds  per  square  inch 

6.895  kilonewtons  per  square  meter 

ix 


SUMMARY 


Thin  introductory  report  reviews  appro a  dies  taken  by  major  investiga¬ 
tors  of  the  soil-track  system  and  describes  in  detail  the  facilities,  tech¬ 
niques,  and.  long-range  program  that  the  U.  S.  Army  Engineer  Waterways  Ex¬ 
periment  Elation  will  use  to  develop  a  comprehensive ,  quantitative  descrip¬ 
tion  of  the  behavior  of  soils  under  track  loads.  The  report  also  includes 
a  comprehensive  list  of  definitions  of  mobility  terms  applicable  to  the 
roll-track  system. 

The  laboratory  model  track  to  be  used  in  the  program  is  a  fairly 
large-scale  single-track  system  designed  for  use  in  a  dynamometer  ca"riage- 
soil  bin  arrangement.  The  system  is  extremely  versatile  and  can  be  ad¬ 
justed  as,  necessary  to  evaluate  the  many  variables  that  influence  straight- 
1 ine  track  performance  in  soil. 

Initially,  the  model  track  will  be  used  to  determine  the  primary  in¬ 
dependent  parameters  for  tracks  operating  in  air-dry  sand.  The  values  of 
the  primary  parameters  will  be  varied  in  later  tests  to  develop  a  basic- 
parameter  track  performance  prediction  term.  Finally,  the  influence  of  the 
parameters  not  included  in  the  basic -parameter  prediction  term  will  be  de¬ 
termined,  and  the  prediction  term  modified  to  include  functions  of  any  ad¬ 
ditional  parameters  that  influence  track  performance  in  sand  significantly. 
A  similar  program  of  tests  will  be  used  to  develop  a  means  for  predicting 
track  performance  in  fine-grained  soils.  Tests  to  determine  track  perform¬ 
ance  in  layered  soil  systems  are  also  planned. 

In  the  final  stages  of  tj:e  program,  the  data  developed  in  the  tests 
will  be  used  to  evaluate  existing  track  performance  theories  and,  if  nec¬ 
essary,  to  develop  a  new  theory.  Field  tests  will  then  be  conducted  to 
determine  to  what  extent  laboratory-developed  track  performance  prediction 
terms  must  be  modified  to  predict  in-the-field  performance. 

Appendix  A  describes  the  Plackett-Burman  test  design,  which  will  be 
used  to  identify  the  most  important  variables  of  the  system  with  a  minimum 
of  testing.  Appendix  13  presents  the  Waterways  Experiment  Station  mobility 
index  formulas  for  tracked  vehicles. 
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NOTATION 


The  following  notations  are  used  in  the  U.  S.  Army  Engineer  Waterways  Ex¬ 
periment  Station  soil-track  research.  Other  symbols  that  are  used  specif 
ically  and  only  once  in  this  report  and  are  defined  in  context  are  not 
listed  here. 

A  Ground  contact  area  of  the  track  (usually  refers  to  the  product  of 
contact  width  b  times  nominal  contact  length  J>,) 

b  Track-ground  contact  width 

c  Soil  cohesion 

C  Cone  Index  of  the  soil 

CG  Track  center  of  gravity 

DCG  Track  dynamic  center  of  gravity 

G  Soil  penetration  resistance  gradient  (a  subscript,  e.g.  Gq-15  5 
denotes  the  depth  of  soil  that  G  desciibes) 

H  Horizontal  soil  reaction  resultant  (figs.  .1.8  and  19) 

JL  Nominal  track-ground  contact  length  (i.e.  contact  length  on  a  flat 
unyielding  surface) 

M  Torque  input  at  the  drive  sprocket 
N  Normal,  soil  reaction  resultant  (figs.  16  and  17) 
p  Soil  pressure 

P  Track  pull 

Track  towed  force 

RCG  Track  at-rest  center  of  gravity 

R  Resultant  of  N  +  T  (figs.  16-19) 

s 

R^.  Resultant  of  W  +  G  (figs.  16-19) 

s  Shear  strength  of  soil 

S  Track  slip 

T  Tangential  soil  reaction  resultant  (figs.  16  and  17) 

V  Vertical  soil  reaction  resultant  (figs.  18  and  19) 

W  Vertical  load  on  the  track 
W*  Weight  of  track  system 

z  Sinkage  of  the  track 

a  Angle  of  approach  of  the  track 


g  Angle  of  departure  of  the  track 

c  Track  attitude  angle 

9  Track  trim  angle 

cr  Soil  stress 

f)  Angle  of  internal  friction  of  the  soil 
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PERFORMANCE  OF  SOILS  UNDER  TRACK  LOADS 


MODEL  TRACK  AND  TEST  PROGRAM 

PART  I:  INTRODUCTION 

Background. 

1.  Useful  as  it.  is,  the  wheel  is  not  the  best  type  of  vehicle  run¬ 
ning  gear  for  many  off-road  environments.  As  early  as  1770,  when  Edgeworth 
obtained  the  first  patent  for  a  tracked  vehicle,  the  possibility  was  recog¬ 
nized  that  better  off-road  vehicle  performance  might  be  achieved  tlirough  a 
more  efficient  transfer  of  vehicle  weight  to  the  soil  than  a  wheel  could 
provide.  By  1900,  technology  was  available  for  developing  a  useful  tracked 
vehicle;  however,  interest  primarily  in  on-road  travel  caused  very  little 
effort  to  be  directed  toward  improvement  of  off -road  vehicle  running  gears. 
World  War  I  changed  that  situation.  Bloody  trench  warfare,  forced  upon  the 
Allies  largely  because  off-road  vehicle  mobility  was  lacking,  made  develop¬ 
ment  of  ground-crawling  armored  vehicles  a  necessity.  The  British  re¬ 
sponded  by  producing  in  1915  the  first  tank  as  we  know  it  today. 

2.  Military  history  of  the  past  50  years  documents  the  ability  of 
tracked  vehicles  to  operate  successfully  in  innumerable  off-road  situations 
where  wheeled  vehicles  could  not  go.  Over  the  years,  American  industry  and 
ingenuity  have  produced  countless  modifications  and  innovations  to  adapt 
tracked  vehicles  to  particular  military  and  peacetime  uses  (road  building, 
mining,  mineral  exploration,  forestry,  etc.).  Two  significant,  nagging 
facts  remain,  however.  First,  the  soft-ground  mobility  of  various  classes 
of  tracked  military  vehicles  has  remained  largely  unchanged  for  a  number  of 
years.1  Nominal  unit  ground  pressures  (i.e.  vehicle  weight  per  unit 
track-contact  area)  have  stayed  in  the  same  range  for  about  50  years,  and 
the  basic  form  of  the  tank  has  been  frozen  for  25  years.  Second,  no  test- 
proven,  comprehensive  system  for  quantitatively  describing  in-soil  track 
performance  exists  today.  Thus,  only  general  guidelines  are  available  to 
indicate  the  changes  in  tracked  vehicle  design  that  will  produce  the  most 
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dramatic  improvements  in  off-road  performance. 

3.  Knowledge  of  in-soil  track  performance  that  has  been  incorporated 
in  the  design  of  tracked  vehicles  has  been  obtained,  in  large  part,  from 
in-the-field,  proving-ground-type  tests.  Furthermore,  in  most  instances, 
the  design  of  the  vehicle  has  incorporated  reliable,  experience-proven  en¬ 
gineering  principles  only  insofar  as  the  performance  of  the  vehicle  as  an 
independent  imit  is  concerned.  For  example,  the  expertise  is  available 
whereby  a  reliable  engine  can  be  designed  and  built  to  develop  practically 
any  given  horsepower  rating;  however,  only  vague  general  knowledge  exists 
with  regard  to  the  horsepower  required,  for  example,  to  move  a  ton  of  sup¬ 
plies  10  miles  over  a  low-strength  soil.  A  large  number  of  agencies,  both 
military  and  commercial,  use  proving-ground  tests  to  determine  performance 
capabilities  of  the  overall  vehicle  and  to  locate  weak  links  among  its  com¬ 
ponents,  but  tests  of  this  type  are  useful  only  in  the  final  phase  in  the 
development  of  the  vehicle  and,  by  their  nature,  they  cannot  be  expected  to 
produce  a  system  for  predicting  track  performance.  Even  when  prepared  test 
sites  are  used,  circumstances  often  drastically  limit  the  control  of  soil 
conditions.  And  since  tne  vehicles  received  for  testing  already  have  their 
dimensions,  weight,  weight  distribution,  etc.,  fixed,  there  is  little  op¬ 
portunity,  even  over  a  long  period  of  time,  to  develop  a  systematic  scheme 
for  evaluating  the  effects  on  performance  of  each  of  the  many  soil-track 
parameters. 

Therefore,  rational  procedure  requires  that  before  the  design  or 
the  proving-ground  stage,  there  must  be  a  period  in  which  data  from  system¬ 
atic,  carefully  controlled  tests  are  analyzed  to  develop  a  comprehensive, 
quantitative  description  of  the  soil-track  system.  The  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  has  initiated  a  test  program  for  this 
purpose.  This  report  is  the  first  in  a  series  that  will  cover  the  test 
program  being  conducted. 


Purpose  and  Scope 

5.  The  primary  purposes  of  this  report  are  to:  (a)  review  the 
approaches  that  principal  investigators  have  taken  in  examining  the 


2 


soil-track  system,  (b)  describe  the  test  equipment  and  techniques  being 
used  to  study  the  performance  of  soils  under  tracks,  and  (c)  outline  the 
long-range  test  program  that  will  be  followed.  All  parameters  thought  to 
significantly  influence  the  behavior  of  tracks  in  soil  are  defined,  and  a 
technique  is  described  (Appendix  A)  for  identifying  important  system  param¬ 
eters  with  a  minimum  of  testing. 

Definitions 


6.  Terms  in  the  model  soil-track  system  used  at  WES  and  in  this  re- 
-* 

port  are  defined  below.  Soil  parameters  in  addition  to  those  listed  in  c 

below  will  be  used  as  needed.  In  particular,  efforts  are  being  made  to 

develop  measuring  devices,  test  techniques,  and  evaluation  procedures  to 

describe  quantitatively  the  conditions  at  a  slippery  soil  surface  and 

within  soil  sections  of  ncnuniforrn  strength  profiles. 

a.  Single-track  components  (fig,  l) 

Road  bogie  or  road  wheel :  One  of  the  wheels  located  inside 
the  perimeter  of  the  tread  along  the  base  or  bottom  of  the 
track.  The  road  bogies,  taken  together,  support  all  of  the 
vehicle  weight. 

Idler  bogie  or  idler  wheel:  One  of  the  wheels  located  inside 
the  perimeter  of  the  tread,  but  not  along  the  base  of  the 
track.  These  bogies  maintain  the  position  of  the  track  belt 
and  help  keep  the  treads  in  line . 

Angle-positioning  bogie  or  wheel:  On  the  WES  model  track,  an 
idler  wheel  located  between  the  end  road  wheel  and  the 
sprocket  at  that  end.  The  positions  of  the  two  angle¬ 
positioning  wheels  (one  on  either  end  of  the  track)  can  be 
adjusted  to  provide  a  variety  of  approach  and  departure 
angles . 

Track  drive  sprocket :  A  motor-driven  wheel,  located  either 
fore  or  aft,  with  circumferential  teeth  that  inter  mesh  with* 
openings  between  adjacent  track  shoes  to  propel  the  track. 

Track  idler  sprocket:  A  wheel,  located  at  the  end  of  the 
track  opposite  the  drive  sprocket,  that  may  either  have  or 
not  have  circumferential  teeth  and  whose  functions  arc  to 
maintain  the  position  of  the  track  belt  and  the  alignment  of 
the  track  tread. 


Definitions  agree  with  those  in  reference  2  for  corresponding  terms. 
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b.  INFLATED  SIDE  VIEW  OF  TRACK  DRIVE  SPROCKET 

Fig.  1.  Schematic  side  view  of  WES  model  track 


* 

**- 


Track  pitch:  The  distance  between  adjacent  drive  sprocket 
contact  points  (i.e.  the  distance  between  corresponding 
points  on  adjacent  drive  sprocket  teeth). 

Track  drive  radius :  The  smallest  distance  from  the  center  of 
the  drive  sprocket  to  the  outside  edge  of  the  drive  sprocket: 
i.e.  the  linear  distance  between  the  center  of  the  sprocket 
and  the  point  between  adjacent  sprocket  teeth  nearest  to  the 
center  of  the  sprocket  (see  fig.  l). 

Track-ground  contact  length:  The  length  of  that  portion  of 
the  track  in  contact  with  the  ground  surface  measured  along 
the  perimeter  of  the  track. 

Track-ground  contact  length,  nominal  (l):  The  length  of  the 
track  in  contact  with  a  flat,  unyielding  surface. 

Track-ground  contact  width  (b ) :  The  maximum  width  of  the 
contact  elements  of  the  track. 

Track  size:  Generally  described  as  the  product  "b  by  i , " 
e.g.  a  15*2-  by  121.9-cm*  track. 

Track-ground  contact  area:  The  sum  of  the  areas  of  the  ele¬ 
ments  in  contact  with  the  surface.  Includes  interruptions 
due  to  openings  within  or  between  grousers  and  openings  be¬ 
tween  track  shoes. 

Track-ground  contact  area,  nominal  (A):  The  product  of  the 
nominal  track-ground  contact  length  and  the  track-ground  con¬ 
tact  width. 

Track-ground  contact  pressure:  The  vertical  force  (weight) 
acting  on  the  track  divided  by  the  track-ground  contact  area. 

Track-ground  contact  pressure,  nominal:  The  vertical  force 
(weight)  acting  on  the  track  divided  by  the  nominal  track- 
ground  contact  area. 

Track  frame  housing  or  hull:  The  metal  plates  on  either  side 
of  the  track  that  conceal  and  protect  its  inner  working  parts. 

VJES  model  track  angle  of  approach  (a):**  The  angle  formed  by 


A  table  of  factors  for  converting  metric  to  British  and  British  to 
metric  units  of  measurement  is  given  on  page  ix. 

For  nearly  all  conventional  tracked  vehicles,  no  bogies  are  present  be¬ 
tween  the  foremost  road  bogie  and  the  forward  sprocket  or  between  the 
rearmost  road  bogie  and  the  rear  sprocket.  Thus,  angles  of  approach  and 
departure  for  conventional  tracked  vehicles  usually  are  defined  by  the 
angles  formed  by  the  intersection  of  the  track-ground  contact  plane  with 
(a)  the  plane  tangent  to  the  foremost  road  bogie  and  the  forward 
sprocket  (<y  angle)  and  (b)  the  plane  tangent  to  the  rearmost  road  bogie 
and  rear  sprocket  (0  angle).  If  the  track  hull  extends  beyond  the  pe¬ 
riphery  of  the  track,  the  inclined  plane  that  defines  the  upper  extrem¬ 
ity  of  either  angle  extends  from  the  end  road  bogie  to  the  farthest 
point  of  the  track  hull. 
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l.i-.e  1 ntersoot ion  of  the  track-pround  contact  plane  nnd  the 
piano  tangent,  to  the  outrode  perimeter  of  the  foremost  road 
Topic  and  the  forward  nnple-pos:ition:inp  bopie . 

V.T'G  mo, Id  track  anple  of  departure  ( S ) :  The  ancle  formed  by 
the  .intersection  of  the  track-ground  contact  plane  and  the 
plane  tan, cent  to  the  outside  perimeter  of  the  rearmost  road 
bopie  and  tl'o  rearward  a  tic !  e-posi  tioni  up  bopie. 

V, model.  ti’a.ok  load  point:  The  location  of  the  axle  at 
w'niol;  t.'r.e  model  track  is  loaded. 

V.KG  model  track  bopie  pressure :v  Pressure  supplied  by  pneu¬ 
matic  cylinders  (one  for  each  road  bopie)  to  -support  the 
we.i, nht.  of  tiie  track  plus  imposed  loud. 

V.T'G  model  track  bo, ole  pressure  distribnt  ion :  Any  one  of  an 
infinite  variety  of  patterns  of  bo pi e  pressures  that  can  be 
obtained  by  setting  individual  road  bo, pic  pressures,  at  prede¬ 
termined  levels,  distributions  include  uniform,  linearly  :in- 
ereas.i ns;  front- t.o-rear .  f.i  near  1  y  dooreas.inp  front,- to -roar , 
s. i n.uso.i da  1  ,  etc. 

Topic  spaeir.p:  Hi  stance  between  centers  of  adjacent  road 
bodies . 

Track  shoe  (i':i.s;.  f) :  One  of  the  r.ip.id  metal  track  elements 
that  arc  I’onneetea  by  means  of  1  duped  or  flexible  devices  to 
form  the  track. 

Track-shoe  face :  The  outermost  surface  of  the  track  slice 
exclusive  of  prouser. 

Grouser  (in’  tracked  cleat);  A  projection  on  a  traction  ele¬ 
ment  intended  to  Improve  propul  scion. 

Grouser  face:  The  outermost  surface  of  the  prouser. 

Gnuiscr  hclpht :  The  d  i  stance  measured  from  the  track  shoe 
face  to  the  prouser  face. 

Grouser  spaoinp  or  pitch:  The  distance  between  eorrcspondinp 
points  on  adjacent  prousers. 

Grouser  width:  The  overall  width,  of  a  prouser. 

Track  pad  or  plate:  A  replaceable  traction  surface  element 
of  a  track  slice. 

WKG  model  track  shoe  (fip.  .?):  A  metal .  channel-shaped  plate 


'  Most  conventional  tracked  vehicles  pain  support  of  their  we ip! it  plus 
load  by  other  than  pneumatic  means  (torsion  bars  plus  wheel  arms,  hydrau¬ 
lic  systems,  etc.).  The  V.’ PG  model  track  uses  a  pneumatic  system  to  allow 
close  control  (and  measurement)  of  the  pressure  of  each  road  Topic  and  to 
previue  an  extremely  versatile  means  of  supper ti up  total  track  weipht 
ulus  load. 
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b.  SECTION  OF  WES  MODEL  BAND-TYPE  TRACK 
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whose  projections  serve  as  grousers. 

WES  model  track-shoe  width:  The  overall  width  of  the  track 
shoe . 

WKS  model  track-shoe  thickness:  The  distance  between  the 
inner  and  outer  faces  of  the  extended  portions  (grousers)  of 
the  track  shoe. 

WES  model  track-shoe  opening:  The  distance  between  the  inner 
faces  of  the  extended  portions  (grousers)  of  a  track  shoe. 

WES  model  track-shoe  pitch:  The  distance  between  correspond¬ 
ing  points  on  adjacent  track  shoes. 

WES  model  track-shoe  spacing:  The  open  distance  between  ad¬ 
jacent  tract  shoes,  i.e.  the  shortest  distance  between  out¬ 
side  faces  of  adjacent  track  shoes. 

VIES  model  track  belt  or  band:  Tough,  rubber-and- fabric  belts 
to  which  the  track  shoes  are  bolted.  One  belt  is  used  for 
track  shoes  15.2  cm  wide,  and  three  for  shoes  either  30.5  or 
6l.O  cm  wide. 

b.  Track  types 

Band  track:  A  track  consisting  of  one  or  more  bands  either 
continuous  or  made  up  of  shorter  lengths  joined  together  and 
having  a  larger  number  of  points  of  flexure  than  is  required 
by  the  normal  pitch  of  the  sprocket. 

Girder ized  track:  A  track  with  links  restrained  from  bowing 
due  to  vertical  soil  reaction. 

Live  track:  A  track  consisting  of  a  connected  series  of 
links,  with  an  elastic  medium  in  the  joints,  joined  so  that 
some  of  the  energy  put  into  the  joints  during  flexing  is  re¬ 
gained. 

Spaced-link  track:  A  track  consisting  of  elements  designed 
so  that  the  grouser  height-to-spacing  ratio  is  intended  to 
achieve  general  soil  failure  between  the  grousers. 

c.  Soil  strength  parameters 

Cone  index  (C):  An  index  of  soil  penetration  resistance, 
consistency,  or  strength.  It  is  the  force  per  unit  area 
(kN/m2)  required  to  move  a  30-deg  right  circular  cone  of 
3«23-cm2  base  area  through  the  soil  normal  to  the  soil  sur¬ 
face  at  a  rate  of  3-05  cm/sec.  For  most  fine-grained  soils, 
this  measurement  is  an  average  value  for  a  specified  layer  of 
soil  several  centimeters  thick. 

Penetration  resistance  gradient  (G):  An  index  of  soil 
strength  (MN/m8)  for  essentially  cohesionless  soils.  It  is 
the  slope  of  the  curve  of  cone  penetration  resistance  versus 
depth  averaged  over  the  depth  range  (e.g.  0  to  15  cm)  for 
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which  changes  in  soil  strength  noticeably  affect  the  per¬ 
formance  of  a  track. 

Cohesion  (c):*  The  shear  strength  of  a  soil  at  zero  normal 
pressure.  It  is  represented  as  a  parameter  in  the  Coulomb 
equation  s  =  c  +  p  tan  ,  relating  the  shear  strength  of 
a  soil  s  to  the  normal  pressure  p  . 

Friction  angle  (^):*  A  measure  of  the  amount  of  increase  in 
soil  shear  strength  s  with  an  increase  in  pressure  p  , 
represented  in  the  Coulomb  equation  s  =  c  +  p  tan  f)  . 

d.  In-soil  track  performance 

Travel  ratio :  Ratio  of  the  actual  to  theoretical  rate  of 
track  horizontal  advance.  For  a  track  powered  by  one  drive 
sprocket,  the  theoretical  rate  of  horizontal  advance  is  de¬ 
fined  as  rcu  cos  e  ,  where  r  is  the  track  drive  radius, 

(u  is  the  angular  velocity  of  the  drive  sprocket,  and  e  is 
the  angle  between  the  bottom  of  the  track  and  a  horizontal 
plane . 

Slip  (S):  Unity  minus  the  travel  ratio . 

Torque  (M) :  Torque  input  at  the  drive  sprocket.  Torque  is 
related  to  and  varies  with  slip  (fig.  3**)> 

Pull  (P) :  The  component,  acting  horizontally  in  the  direc¬ 
tion  of  travel,  of  the  resultant  of  all  soil  forces  acting  on 
the  track.  It  is  considered  positive  when  the  track  is  per¬ 
forming  useful  work,  and  negative  when  an  additional  force 
must  be  applied  to  maintain  motion.  Like  torque,  pull  is  re¬ 
lated  to  and  varies  with  slip  (fig.  3)»  Pull  at  any  particu¬ 
lar  level  of  slip  is  denoted  by  a  subscript  specifying  the 
percentage  of  .lip,  e.g.  Pgo  is  pull  at  20  percent  slip. 

Self-propelled  point :  The  point  at  which  the  pull  is  zero 
and  the  torque  input  is  just  sufficient  for  the  track  to  pro¬ 
pel  itself  (fig.  3)* 

Towed  force  (Pt):  The  pull  required  to  tow  the  track  with 
zero  torque  input  at  the  drive  sprocket  (fig.  3). 

Load  (W):  The  vertical  force  applied  to  the  track. 


*  A  subscript  usually  denotes  which  of  the  several  available  devices  was 
used  to  obtain  measurements  of  c  and  ft  .  For  example,  subscripts 
t  ,  d  ,  b  ,  and  a  refer  to  the  triaxial  shear,  direct  shear,  beva- 
meter  shear,  and  in  situ  ring  shear  devices,  respectively.  (See  refer¬ 
ences  3  and  4  for  detailed  descriptions  of  the  use  of  these  and  other 
measuring  devices.) 

**  Curves  in  fig.  3  are  based  largely  on  examination  of  field-test  data. 
Modifications  may  be  made,  depending  on  results  obtained  in  laboratory 
tests  where  more  precise  measurements  (particularly  of  slip)  can  be 
made . 
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Fig.  3-  Sample  pull-slip  and  torque-slip  curves  for 
air-dry  sand  and  saturated  clay 
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Trim  angle  (9):  Tiie  angle  between  the  bottom  of  the  track 
and  the  original  soil  surface. 

Attitude  angle  (c):  The  angle  between  the  bottom  of  the 
track  and  a  horizontal  plane. 

Sinkage  (z):  The  depth  to  which  the  track  penetrates  the 
soil,  measured  relative  to  the  original  soil  surface.  The 
sinkage  at  any  particular  point  is  denoted  by  a  subscript 
specifying  the  location,  e.g.  zc  is  sinkage  at  the  geomet¬ 
ric  center  of  the  track. 

Track  belt  tension:  The  tensile  force  within  the  track  belt 
that  results  from  forces  imparted  to  it  in  an  outward  direc¬ 
tion  by  the  track  bogies  and  sprockets  and  in  an  inward  di¬ 
rection  by  the  supporting  medium. 

Internal  rolling  resistance:  Horizontal  force  required  to 
tow  the  track  under  load  and  with  the  drive  chains  disengaged 
on  a  flat,  level,  unyielding  surface. 

Inherent  track-system  resistance :  The  force  required  to  turn 
the  track,  under  zero  load.  An  indication  of  this  force  is 
obtained  by  measuring  the  torque  required  to  rotate  the  track 
in  air  at  the  same  rotational  velocity  used  in  the  subsequent 
test. 

Dynamic  soil  pressure  redistribution:  The  change  in  distri¬ 
bution  of  soil  forces  that  support  tiie  track  caused  by  a 
change  in  value  of  any  of  several  track  performance  variables 
(trim  angle,  drawbar  pull,  location  of  center  of  gravity, 
track  slip,  etc.). 

Restraining  force:  In  a  fixed-trim-angle  test,  the  force  ap¬ 
plied  at  a  given  point  to  maintain  the  selected  trim  angle. 

Restraining  moment  for  the  WES  model  track:  Determined  by 
multiplying  the  restraining  force  by  the  perpendicular  dis¬ 
tance  between  the  load  axle  and  the  restraining  force. 


11 


PART  II:  PREVIOUS  INVESTIGATIONS 


Y.  A  review  of  the  .Literature  shows  that  there  are  almost  as  many 
different  approaches  to  investigating  the  soil- track  system  as  there  are 
researchers.  This  is  not  too  surprising  when  one  considers  the  complexity 
of  the  interaction  of  rotating,  slipping,  geometrically  complicated  tracks 
of  variable  tension  and  weight  distribution  with  soils  having  an  infinite 
variety  of  physical  properties. 

8.  Unfortunately,  the  results  of  studies  that  incorporate  markedly 
different  techniques  sometimes  do  not  lend  themselves  to  useful  interpreta¬ 
tion  by  other  techniques.  Still,  it  is  useful  to  review  the  work  of  some 
of  the  principal  researchers  to  determine  the  main  features  of  their  ap¬ 
proaches,  some  strengths  and  weaknesses  of  their  methods,  and  general  re¬ 
sults  of  value  to  all  investigators. 

U.  S.  Army  Tank- Automotive  Command  (TACOM)  Approach 
Basic  relations  used 

9.  Many  of  the  concepts,  test  techniques,  and  methods  of  analysis 
presently  used  by  TACOM  are  based  on  the  single  basic  track  performance 

c„7 

prediction  equation'' 


P  =  H  -  (Rc  +  Rb)  (1) 

where 

P  =  track  pull 

H  =  horizontal  force,  soil  thrust,  or  gross  tractive  effort  of  a 
single  track 

Rc  =  resistance  to  track  motion  due  to  soil  compaction 
Rb  =  resistance  to  track  motion  due  to  soil  bulldozing 

Several  expressions  to  describe  each  term  of  equation  1  have  been  developed 
for  a  wide  variety  of  particular  soil-track  situations.  Some  are  simple, 
while  others  are  so  complex  that  their  solution  requires  an  electronic  com¬ 
puter;  but  the  basis  for  each  can  be  traced  to  equation  1. 
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10.  For  a  situation  where  the  track  experiences  negligible  sinkage 
and  inclination  from  the  horizontal  on  level  soil  (the  stability  problem, 
fig.  4),  maximum  thrust  is  computed  by 

H  =  Ac  +  W  tan  <f)  (2) 


where 

A  =  ground  contact  area  of  the  track 
c  -  cohesion  of  the  soil  (from  Coulomb) 

VI  =  vertical  load  on  the  track  due  to  vehicle  weight 
ft  =  angle  of  internal  friction  of  the  soil  (from  Coulomb) 

To  account  for  the  additional  shearing  force  produced  by  the  grousers  of  a 
track,  a  term  H'  is  added  to  the  right  side  of  equation  2;  thus 


H  =  Ac  +  VI  tan  jZS  +  H’ 


(3) 


For  frictional  soils  H'  is  very  small,  while  for  cohesive  soils,  grouser 
action  increases  total  H  '  on  the  order  of  10  to  15  percent. 

11.  The  stability  problem  is  further  described  as  the  "...load¬ 
carrying  capacity  of  soils... at  the  moment  of  the  incipient  soil  failure  of 

5 

the  soil  through  plastic  flow,"  and  the  following  formula  for  bearing  ca- 

o 

pacity  of  a  small  footing  (from  Terzaghi  )  is  applied  to  the  soil-track 
system: 

Ws  =  A(cNc  +  7zNq  +  |  7bIIy)  (4) 


where 


W  =  the  safe  load  (i.e.  the  maximum  load  that  area  A  can 
withstand  and  remain  on  the  ground  surface) 

N  ,N  ,N  =  constants  whose  values  depend  on  soil  friction  angle  6 

c  q  7  (fie.  5) 

7  =  the  unit  weight  of  the  soil 

z  =  the  initial  plate  sinkage  at  which  the  bearing  capacity  is 
evaluated 

b  =  the  width  (smaller  dimension)  of  the  plate 
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Fig.  4. 


Relation  of  track  thrust  to  soil  shear 


Fig.  5.  Soil  hearing  capacity 


For  a  tank  operating  at  negligible  sinkage  (z  «  0),  the  term  7zli^  of  equa¬ 
tion  4  is  dropped.  Note  that  allowable  safe  load  is  increased  by  increas¬ 
ing  track  width  b  ,  if  the  soil  strength  has  a  frictional  component. 

12.  TACOM  considers  the  "elasticity  or  plasticity  problem"  or  the 
"subsurface-crossing  problem"  to  result  when  sufficient  track  sinkage  oc¬ 
curs  to  require  that  motion  resistance,  slippage,  etc.,  be  taken  into  ac¬ 
count.  Track  sinkage  is  approximated  through  use  of  a  rectangular  plate 
forced  slowly  into  the  soil  by  a  uniformly  distributed  load.  The  following 
equation  is  used  to  describe  this  relation: 


where 

p  =  unit  (uniform)  pressure  on  the  plate 

kc  =  modulus  of  soil  deformation  due  to  cohesive  ingredients  of  soil 

b  -  width  (smaller  dimension)  of  the  plate 

kv  =  modulus  of  soil  deformation  due  to  frictional  ingredients  of 
”  soil 

z  =  sinkage  of  the  plate  under  a  static  load 
n  =  exponent  of  the  soil  deformation  equation 
Uniform  sinkage  of  a  track  in  frictional  and  cohesive  soil  masses  is  then 
computed  by 

z  = 

Thus,  for  a  particular  track  pressure  p  and  a  particular  soil  (i.e.  a 
particular  set  of  values  of  kc  ,  k^  ,  and  n),  increasing  track  width  b 
causes  track  sinkage  to  increase.  This  effect  becomes  more  pronounced  as 
soil  strength  decreases  (i.e.  as  n  decreases). 

13.  All  equations  developed  by  TACOM  to  describe  the  effects  of 
slippage  and  three  types  of  motion  resistance  (soil  compaction,  bulldozing, 
and  fluid  mud  drag)  indicate  that  a  long,  narrow  track  outperforms  a  short, 
wide  one.  Thus,  "...to  achieve  the  surface  crossing,  the  width  of  the  load¬ 
ing  area  should  be  kept  as  large  as  possible,  particularly  in  frictional. 
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soils....  However,  once  the  ground  is  so  weak  or  load  so  large  that  the 

surface  crossing  must  be  excluded,  b  should  be  kept  as  small  as  possi- 
5 

ble....  The  responsibility  for  determining  which  type  of  operational 
terrain  he  faces  (surface  or  subsurface  crossing)  rests  with  the  user  of 
the  TACOM  system. 

Soil  parameter  system 

14.  The  soil-vehicle  relation  in  terms  of  load,  vehicle  geometry, 
and  soil  strength  and  deformation  parameters  (including  both  sinkage  and 
slippage)  is  expressed  at  TACOM  by  seven  soil  parameters:  c  ,  f  ,  kc  , 
k^  ,  n  ,  ,  and  K ^  .  These  parameters  are  intended  to  describe  the 

strength  and  deformation  characteristics  of  practically  any  type  of  soil 
(or  snow)  in  a  manner  comparable  to  the  stress-strain  measurement  of  any 
other  material.  The  lone  exception  is  "half- fluid  muds,"^  whose  descrip¬ 
tion  requires  two  other  terms,  soil  viscosity  p,  and  soil  density  p  . 

15*  Measurements  of  the  first  seven  parameters  listed  above  are  ob¬ 
tained  with  a  test  instrument  called  the  bevameter,  which  consists  of  two 
principal  devices  (fig.  6):  a  ring  shear  device  intended  to  provide  meas¬ 
urement  of  soil  values  c  ,  ft  ,  ,  and  K 2  ;  and  at  least  two  rigid 

plates  of  different  size  used  to  measure  kQ  ,  k^  ,  and  n  .  Soil  reac¬ 
tions  under  bevameter  testing  are  claimed  to  be  similar  to  those  under 
tracks. 

Possible  breakthroughs 

16.  To  allow  greater  jfc/t  ratios  (length  of  ground  contact  area 
+  distance  between  track  center  lines)  than  is  possible  with  conventional 
skid  steering1  (maximum  jfc/t  «  1.8),  Bekker^’^  proposes  that  substantial 
improvements  in  the  overall  form  of  a  tracked  vehicle  can  be  made  only  by 
departing  from  conventional  practice  and  producing  multiunit,  articulated 
(jointed),  trainlike  vehicles.  A  second  breakthrough  in  tracked  vehicle 
design  is  claimed  by  Bekker  by  means  of  his  space-link  track. 6 
Criticisms 

17-  Very  little  criticism  can  be  directed  toward  the  TACOM  soil- 
track  system  with  regard  to  its  scope.  The  nature  of  criticism  most  often 
directed  at  it  is  rather  fundamental  and  falls  into  three  categories. 
First,  the  degree  to  which  the  basic  TACOM  equations  can  be  applied  to  the 
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Bevameter  test  apparatus 


iuvi  1  -track  system  has  been  questioned,  Several  of  these  equations  were 
adapted  from  other  engineering  disciplines  (structural  soil  mechanics,  hy¬ 
draulics..  etc.)  with  practically  no  modifications  made  to  account  for 
unique  soil -track  interactions. 

lb.  Second,  criticism  is  made  of  TACOM's  attempt  to  simulate  soil- 
traek  performance  through  use  of  the  bevameter.  Many  soil-vehicle  investi¬ 
gators  consider  that  this  use  of  superposition  fails,  simply  because  the 
plates  and  the  shear  rings  of  the  bevameter  do  not  provide  soil  reactions 
sufficiently  similar  to  those  of  a  track.  This  weakness  is  compounded  by 
the  fact  that  measurements  obtained  with  the  bevameter  often  defy  interpre¬ 
tation  by  the  means  proposed  by  TACOM.^  Values  of  c  and  measured 
with  the  ring  shear  part  of  the  bevameter  generally  correlate  poorly  with 
corresponding  measurements  obtained  with  other  test  instruments.  Also,  ex¬ 
perience  has  showi  that  shear-deformation  curves  generally  do  not  exhibit  a 
rapid  decay  after  maximum  strength  is  attained,  so  that  values  of  K  and 
i\0  no  longer  are  measured  in  routine  tests,  basic  difficulties  arise  with 
regard  to  the  plate  penetration  part  of  the  bevameter.  since  the  pressurc- 
sinkage  curves  simply  do  not  exhibit  a  straight-line  logarithmic  shape  for 
a  wide  variety  of  soils,  and  the  two  or  more  plates  often  produce  signifi¬ 
cantly  different  curve  shapes.  TACOM  recopnir.es  these  problems  and  has 
developed  a  computer  propram  that  attempts  to  minimise  their  influence  in 
determininp  the  characteristic  values  of  k  ,  ,  and  n  . 

Id.  The  third  and  most  pcneral  type  of  criticism  of  the  TACOM  soil- 
track  prediction  system  is  that  generally  few  actual  test  data  are  shown  to 
demonstrate  to  what  depree  the  system  works.  Certainly,  the  complexity  of 
the  bekker  equations  implies  considerable  insipht  into  the  soil-track  sys¬ 
tem,  and  TACOM  claims  that  these  equations  describe  soil-track  behavior  not 
only  in  detail ,  but  also  with  considerable  accuracy.  Detractors  of  the 
TACOM  system  contend  that  the  grandiose  equations  are  based  largely  on  re¬ 
lations  developed  in  other  disciplines  to  describe  interactions  only  gener¬ 
ally  similar- to  those  of  the  soil-track  system,  that  modifications  to  adapt 
these  equations  to  the  soil-track  system  were  made  mainly  in  desk-study 
operations,  and  that  applicability  of  the  TACOM  system  remains  to  be  demon¬ 
strated.  As  a  case  in  point,  Dr.  A.  K.  Reece  concluded  after  a  year  of 
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work  at  TACOM  (where  lie  did  mobility  research  while  on  sabbatical  leave 
from  the  University  of  Newcastle,  Kngland),  "bekker's  system  is  not  a  sci¬ 
entific  theory,  but  an  hypothesis."^ 

Conclusion 

20.  The  TACOM  system  for  describing  soil-track  interactions  is  the 
most  comprehensive  available  today.  While  it  is  not  fully  validated  by 
test  results,  it  contains  many  relations  that,  if  correct,  can  serve  ns 
gui deposts  in  other  soil-track  investigations. 


The  Ferloff  Approach. 


,  10,11 

21.  Input  data  required  by  Ferloff  s  soft-soil  mobility  model. 

pertain  to: 

a.  Tank  design  variables 

(1)  Tank  weight 

(2)  location  of  the  center  of  gravity 

(3)  Length  of  the  base  of  the  track  in  contact  with' the 
ground 

(•t )  Angle  between  the  base  and  forward  inclined  portion  of 
the  track 

(';)  Undercarriage  clearance 

(o)  Values  of  maxima:’,  velocity  on  a. rigid  surface  for  vari¬ 
ous  surface  inclinations 

(V)  Track  width 

b .  boil  properties  at  the  grid  poind,  in  question 

(.1.)  Ground  surface  inclination 

(2)  Cohesive  component  of  soil  strength. 

(3)  Angle  of  shearing  resistance 

(U)  Data  points  from  the  pressi.re-siukage  relation  for  the 
soil 

(r>)  Data  points  from  the  expression  for  shear  stress- 

displacement  relation  for  the  soil  from  direct  shear 
test  results 

(o)  Thickness  of  the  direct  shear  test  specimen. 

22.  While  Ferloff  lists  Mohr-Goulemb  failure  parameters,  e  and 

p  ,  and  a  shear  stress-displacement  relation  (from  a  direct  shear  testi  as 


part  of  the  required  soil  property  data,  he  provides  no  directions  with  re¬ 
spect  to  how  these  soil  value  inputs  should  be  obtained.  Perloff  uses 
pressure-sinkage  relations  for  various  soils  of  the  general  shape  he  has 
obtained  from  model  studies.  However,  he  notes  for  requirement  b(4)  above 
that  "No  generally  accepted  method  for  extrapolation  of  pressure-sinkage 
data  for  small  scale  models  to  prototype  vehicles  is  currently  available 

and  that  "No  mathematical  expressions  for  this  [pressure-sinkage]  re¬ 
lationship  which  are  suitable  for  this  study  are  currently  available . 

23.  Perloff s  analysis  considers,  in  a  two-dimensional  framework, 
the  force  system  in  which  a  tracked  vehicle  operates  as  described  by  the 
mechanical  equations  of  equilibrium.  His  soil-tank  model  contains  at  least 
two  iterative  procedures  of  such  length  and  complexity  as  to  require  solu¬ 
tion  either  by  graphic  means  or  by  electronic  computer.  The  iterative  pro¬ 
cedures  are  outlined  to:  (a)  determine  the  location  of  the  center  of  the 
mass  of  soil  failed  and  pushed  out  of  the  way  (i.e.  bulldozed)  by  the  tank 
when  the  mass  involved  is  described  by  a  circular  failure  surface  (fig.  l) , 
and  (b)  determine  the  sinkage  and  inclination  of  the  tank  based  on  extrapo¬ 
lation  of  a  model  pressure-sinkage  relation  to  the  soil-tank  system.  The 
equilibrium  equations  involved  in  these  iterative  procedures  are  nonlinear, 
and  it  is  not  obvious  that  the  algorithm  will  converge  to  unique  values  of 
center  of  failed  soil  mass  and  tank  sinkage  and  inclination. 

24.  Perloff  analyzes  the  effect  of  track  slip  on  vehicle  mobility 
first  in  terms  of  its  relation  to  the  development  of  soil  shear  strength 
(and  subsequent  vehicle  thrust).  In  this  connection,  he  proposes  a  tech¬ 
nique  to  describe  soil  displacement  at  every  point  underneath  the  track, 
and  assumes  this  distribution  can  be  expressed  in  terms  of  unit  shearing 
stress  if  the  stress-strain  relation  for  the  soil  is  known.  Next,  he  inte¬ 
grates  the  shear  stress  distribution  (expressed  as  a  function  of  slip) 
along  the  length  of  the  track  to  obtain  the  total  tractive  effort. 

25 •  Perloff  considers  that  track  slip  substantially  increases  track 

sinkage  and  inclination  only  after  it  produces  a  distortion  of  the  soil 

that  exceeds  the  soil's  "separation  distortion,"  For  this  condition 

...actual  soil  removal  occurs  [underneath  the  rear  por¬ 
tion  of  the  track],  the  change  in  inclination  will 
cause  even  greater  thrust  to  be  required,  which  will 
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b.  FAILURE  MASS  OF  SOIL 

Fig.  7.  Perloff  representation  of  soil  mass  failed  by  tank  bulldozing 

action 
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involve  more  slip,  and  therefore,  more  soil  removal. 

Hence,  soil  removal  must  lead  to  an  ever  deteriorating 
situation  until  the  rear  end  sinkage  of  the  tank  equals 
the  clearance,  and  the  tank  becomes  'hung-up*.  The 
magnitude  of  slip  for  which  this  condition  occurs  de¬ 
pends  upon  the  soil  characteristics .  However,  for  most 
naturally  occurring  soils,  the  slip  required  is  probably 
greater  than  that  for  maximum  tractive  effort... 10 

•  finally,  Perloff  defines  two  "mobility  characteristics."  The 

first,  mobility  factor  k  ,  is  the  ratio  of  tractive  force  required  to 

just  initiate  or  maintain  motion  T  to  the  maximum  tractive  force  avail- 

re  q 

able  7  .  T  is  determined  bv  setting  the  sum  of  forces  acting  on 

the  base  of  the  track  equal  to  aero  and  solving  for  the  thrust  required  in 
terms  of  input  soil  and  tank  parameters  (after  the  sinkage  and  inclination 
have  been  determined).  T _  v  is  determined  as  described  in  paragraph  2U . 

The  second  mobility  factor,  maximum  velocity  in  soft  soil,  requires  as  in¬ 
put  data  the  maximum  velocity  on  hard  pavement  as  a  function  of  slope. 

This  value  is  then  transformed  to  in-soil  maximum  velocity  at  that  slope  by 
an  alteration  involving  track  slip. 

27.  Many  simplifying  assumptions  were  required  in  developing  the 
Perloff  model,  and  lie  concludes,  "Although  it  is  believed  that  the  analysis 
leads  to  results  which  are  reasonable,  and  which  will  serve  to  distinguish 
the  mobility  characteristics  of  tank  design  candidates,  there  is  not  yet 
any  experimental  verification  of  its  predictive  capability."^  Since  no 
test  data  have  been  examined  by  means  of  Perloff' s  approach,  the  principles 
set  forth  therein  can  only  be  considered  as  hypotheses  at  this  time. 


Trafficability  Method 


1  P 

28.  The  WHS  technique  for  predicting  tracked  vehicle  mobility  is 
based  on  empirical  relations  developed  from  hundreds  of  vehicle  field  tests, 
('or relation  has  been  established  between  mobility  index,  defined  solely  in 
terms  of  the  characteristics  of  the  vehicle,  and  vehicle  cone  index,  which 
describes  in-the-field  vehicle  performance.  Since  mobility  index  values 
have  been  ietermined  for  virtually  all  conventional  military  tracked  vehi¬ 
cles.  the  v.'h'S  trafficability  method  is  operable  on  a  very  broad  scale  today. 
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Two  formulas  for  mobility  index,  one  for  the  towed  and  one  for  the  self- 
propelled  condition,  are  presented  in  Appendix  B.  Vehicle  cone  index  is  de¬ 
fined  for  the  self-propelled  conditions  as  the  "...index  assigned  to  a 
given  vehicle  that  indicates  the  minimum  soil  strength  in  terms  of  rating 
cone  index  required  for  40  to  50  passes  of  the  vehicle."  Mobility  index  of 
a  vehicle  is  related  to  the  vehicle  cone  index  by  the  relation  shown  in 
fig .  8 . 

29.  Rating  cone  index  is  the  product,  obtained  by  multiplying  two 

measurements:  (a)  cone  index,  obtained  with  the  cone  penetrometer,  and 

(b)  remolding  index,  the  ratio  of  remolded  soil  strength  to  original 
strength.  Rating  cone  index  is  measured  in  the  so-called  critical  layer  of 
soil,  i.e.  that  considered  to  have  most  influence  on  a  vehicle's  mobility. 
The  depth  of  this  critical  layer  varies  with  weight  and  type  of  vehicle  and 
the  soil  profile,  but  it  is  generally  the  layer  lying  approximately  15  to 
30  cm  below  the  surface. 

30.  Rating  cone  index  equal  to  50  percent  of  the  vehicle  cone  index 

usually  is  adequate  to  permit  one  or  two  straight-line  passes  of  a  vehicle. 

Also,  a  recent  study  has  developed  relations  that  allow  one-pass,  straight- 

line  trafficability  to  be  predicted  on  the  basis  of  the  value  of  a  vehicle 

cone  index  determined  in  a  manner  slightly  different  from  the  one  for  40- 
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to  50-pass  performance. 

31.  Single-pass,  towed,  tracked  vehicle  performance  is  expressed  as 
a  function  of  rating  cone  index  in  fig.  9»  In  fig.  10,  maximum  tractive 
effort,  i.e.  the  maximum  continuous  towing  force  or  pull  a  vehicle  can  ex¬ 
ert  expressed  as  a  ratio  or  percentage  of  its  own  weight ,  is  expressed  as  a 
function  of  the  difference  between  rating  cone  index  in  the  critical  layer 
and  vehicle  cone  index  for  self-propelled  tracked  vehicles.  Though  trac¬ 
tive  effort  and  maximum  slope  climbable  (both  expressed  as  percents)  are 
not  precisely  equal,  fig.  10  can  be  used  also  to  obtain  an  estimate  of  max¬ 
imum  slope  climbable. 

32.  The  WES  trafficability  method,  developed  almost  entirely  by  em¬ 
pirical  means,  lacks  some  of  the  definitive  features,  i.e.  detailed  explana¬ 
tions  of  just  how  a  soil-track  interaction  is  produced,  that  are  usually 
found  in  a  model  based  primarily  on  theoretical  considerations.  Generally, 
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note:  the  towing  force  in  soft  areas  where  vehicles 

ARE  BOGGED  DOWN  MAY  EQUAL  OR  EXCEED  WEIGHT 
OF  VEHICLE. 

THESE  CRITERIA  ALSO  APPLY  TO  SELF-PROPELLED 
VEHICLES  BEING  TOWED  WITH  MOTOR  DEAD. 

CURVES  APPLY  TO  TRACKED  VEHICLES  BEING  TOWED 
ON  LEVEL  FINE-GRAINED  SOILS  OR  SANDS  WITH 
FINES,  POORLY  DRAINED. 

Fig.  9*  Performance  curves  for  towed  tracked  vehicles 


Fig.  10.  Performance  curves  for  self-propelled  tracked  vehicles 


in-the-field,  full-scale  testing  and  empirical  analysis  lead  to  predictions 
of  gross,  overall  results  and  allow  little  opportunity  to  examine  systemat¬ 
ically  and  in  detail  the  effects  on  performance  of  individual  soil-track 
parameters.  The  major  accomplishment  of  the  WES  trafficability  method  is 
that  it  has  proved  workable  in  describing  and  cataloging  overall  tracked 
vehicle  performance  for  a  very  broad  range  of  soil-track  conditions.  As  a 
minimum,  this  method  serves  a  very  useful  purpose  in  this  application;  fur¬ 
thermore,  it  provides  information  that  can  be  used  in  a  more  detailed,  sys¬ 
tematic  study  of  the  soil-track  system. 

Other  Investigations 

33-  The  very  large  number  of  parameters  required  to  describe  the 
soil-track  system  completely  has  fostered  studies  of  a  very  large  number  of 
soil-track  subsystems  in  addition  to  studies  of  the  soil-track  system  as  a 
whole.  Many  investigators,  in  addition  to  those  previously  mentioned,  have 
examined  these  systems  with  varying  degrees  of  success.  It  is  somewhat  dis¬ 
couraging  to  find  that  independent  testing  has  led  to  quite  different  con¬ 
clusions  with  respect  to  the  influence  on  performance  of  several  track  pa- 

14  15  16 

rameters,  e.g.  location  of  track  center  of  gravity,  5  ’  track  tension 

and  pressure  distribution,  ’  track-shoe  geometry,  and  road- 

6  21  22 

wheel  size  and  spacing.  ’  5 "  Differences  in  test  setups,  particularly 

with  regard  to  soil  conditions,  probably  contributed  greatly  to  this  con¬ 
fusing  situation. 

34.  In  addition  to  conflicting  results  from  physical  testing,  there  . 

also  are  conflicting  concepts  with  regard  to  how  a  track  operates  in  soil. 

Probably  no  better  example  of  this  can  be  found  than  the  opposing  points  of 
rj  l8 

view  of  Bekker  and  Reece  u  with  respect  to  track  slip  and  excavation. 

Bekker  contends  that,  for  a  track  operating  at  a  constant  positive  slip, 
horizontal  soil  distortion  (and  sinkage)  accumulates  linearly  from  track 
front  to  rear,  causing  the  track  to  assume  a  tail-down  trim  angle.  For 
this  same  situation,  Reece  says  that  a  track  grouser,  after  entering  the 
soil,  slips  a  distance  equal  to  slip  times  track  link  pitch  before  the  next 
grouser  enters:  each  successive  grouser  acts  in  the  same  manner,  excavates 
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the  same  amount  of  soil,  and  then  moves  it  from  front  to  rear.  Thus,  Reece 
contends  that  all  excavation  is  concentrated  at  the  front  of  the  track. 
Neither  Bekker  nor  Reece  offers  quantitative  test  data  to  support  his  hy¬ 
pothesis,  in  part  because  track  sinkage  depends  not  only  on  excavation  but 
also  on  other  factors,  such  as  vertical  loading  and  slip. 

35 •  Perhaps  Nuttall^"  summarizes  best  the  overall  results  of  track 

studies  to  date  in  observing  that 

...the  soil  mechanics  of  tracks  is  fragmented  by  lack 
of  an  accepted,  validated  soil  value  system....  At 
the  moment,  precision  of  quantitative  predictions  of 
tracked  vehicle  performance  is  quite  low,  particularly 
in  critical  situations  where  sinkage  and  slip  are  high 
and  bellying  incipient....  Available  first-order  ana¬ 
lytical  methods  for  calculating  the  performance  of 
tracked  vehicles. . .show  that. . .simple  nominal  unit 
ground  pressure .. .overwhelmingly  controls  the  basic 
level  of  performance  of  practical  vehicles. 

Generally,  those  elements  in  prediction  equations  for  tracks  that  do  not 

relate  directly  to  a  description  of  nominal  ground  pressure 

...reflect  the  less-than-ideal  pressure  distribution 
which  occurs  under  a  track,  but  in  practice  these  have 
but  small  influence  upon  the  calculations  of  ultimate 
go,  no-go  soil  limits. 

Nuttall  shares  Bekker's  view  that  articulation  (jointing)  between  different 
units  of  a  tracked  vehicle  train  represents  a  good  opportunity  for  a  break¬ 
through  in  tracked  vehicle  design,  since  articulation  breaks  the  steering 
barrier. 

36.  Nuttall  proposes  that  the  most  useful  approach  to  the  analysis 
of  the  soil-track  system  should  involve  dimensional  reasoning  because,  al¬ 
though  a  dimensional  analysis  is  incomplete,  it  demands  the  same  degree  of 
basic  understanding  of  the  phenomenon  under  study  as  any  more  complete 
analysis  of  equal  validity  and  refinement.  The  measurable  properties  of 
the  overall  soil-vehicle  system  used  in  formulating  the  one  must  be  identi¬ 
cal  with  those  used  in  the  other.  Nuttall  reasons  that 

. . .dimensionally  oriented  experimentation,  exploiting 
scale  change  as  a  major  controllable  variable,  can  be  a 
particularly  powerful  means  to  study  the  validity  both 
of  general  soil-vehicle  concepts  and  of  proposed  soil- 
value  systems,-  If  the  validity  of  a  dimensional  analy¬ 
sis  cannot  be  satisfactorily  and  widely  demonstrated, 
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neither  can  that  of  any  more  formal  analysis  starting 
from  the  same  premises. 


Thus,  dimensional  analysis  is  particularly  attractive  for  use  in  analyzing 
systems  like  the  soil-track  system,  in  which  complex  interactions  take 
place  that  are  definable  only  uy  some  rather  imprecise  prior  knowledge  of 
the  predominant  forces,  dim-- nsions ,  and  time -dependent  variables  involved. 
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PART  III:  THE  WES  MODEL  TRACK  AND  TEST  ARRANGEMENTS 


Laboratory  Model  Track 

37.  The  test  program  described  herein  is  being  conducted  in  the  same 
facilities  used  for  the  WES  study  of  the  performance  of  soils  under  tire 
loads, ^  The  laboratory  model  track  was  fabricated  by  WNRE,  Inc.,  follow¬ 
ing  a  cooperative  design  effort  by  WNRE ,  Inc.,  and  the  WES.  It  is  a  fairly 
large-scale  (about  one-third  to  one-half  the  size  of  most  conventional 
tracks),  single-track  system  designed  for  use  in  a  dynamometer  carriage- 
soil  bin  arrangement.  The  track  is  large  enough  to  keep  manageable  those 
problems  sometimes  encountered  in  scaling  test  results  from  model  to  proto¬ 
type.  Just  as  important,  the  track  system  is  extremely  versatile.  For  ex¬ 
ample,  some  of  the  adjustments  that  can  be  made  in  geometric  features  of 
the  track  are  shown  in  fig.  11.  This  versatility  is  essential  for  a  de¬ 
tailed  examination  of  the  soil-track  system,  since  soil-track  interactions 
and  resultant  track  performance  depend  to  varying  degrees  on  a  very  large 
number  of  parameters .  Control  of  the  model  track  variables  that  are  con¬ 
sidered  to  have  a  reasonable  chance  of  significantly  influencing  straight- 
line  performance  in  soil  is  discussed  in  the  following  paragraphs . 

Location  of  at-rest 
center  of  gravity  (RCG) 

38.  Load  to  the  track  is  applied  through  an  axle  that  can  be  moved 
horizontally  in  5.1-cm  increments  to  a  maximum  of  ol.O  cm  to  the  front  and 
45.7  om  to  the  rear  of  the  geometric  center  of  the  long  track  (fig.  11a), 
and  30.5  cm  to  the  front  or  15-2  cm  to  the  rear  of  the  geometric  center  of  . 
the  short  track  (fig.  lib);  no  adjustment  is  provided  for  moving  the  verti¬ 
cal  position  of  the  load  axle.  The  periphery  of  the  track  is  nearly  sym¬ 
metric  about  its  vertical  center  line,  but  the  drive-end  half  of  the  track 
is  heavier  because  of  the  additional  weight  of  equipment  associated  with 
the  drive  sprocket.  The  main  body  of  the  track  (excluding  motor  assemblies, 
load  cell  to  motor  adapters,  deadweights,  stop  load  and  deadweight  brackets, 
and  track  belts  and  shoes)  can  be  swung  in  air  from  three  widely  separated 
locations  on  the  track  so  that  the  intersection  of  plumb  lines  dropped 
from  those  three  points  defines  that  body's  RCG.  Each  component  of  the 
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track  stripped  from  the  main  body  can  be  weighed  and  the  location  of  its 
RCG  determined  relative  to  a  reference  point  on  the  track  hull,  thus  allow¬ 
ing  determination  of  the  location  of  the  overall  track's  RCG  by  means  of 
simple  moment  equations. 

39*  The  horizontal  location  of  the  RCG  for  any  particular  track  size 
can  be  moved  to  any  of  a  wide  range  of  positions  by  changing  the  magnitude 
and/or  location  of  (a)  load  applied  through  the  load  axle  and  (b)  load  ap¬ 
plied  by  deadweights  or  other  means  at  any  point  away  from  the  load  axle. 
Except  for  extreme  cases,  these  changes  influence  the  vertical  location  of 
the  RCG  only  slightly. 

40.  The  location  of  the  dynamic  center  of  gravity  (DCG),  i.e.  the 
point  through  which  all  forces  in  the  soil-track  system  can  be  considered 
to  act,  almost  certainly  has  more  influence  on  track  performance  than  that 
of  the  RCG.  However,  the  location  and  direction  of  soil  forces  developed 
by  track  action  change  as  a  function  of  track  slip,  track  trim  angle,  mode 
of  soil  failure,  etc.;  such  changes  can  be  only  roughly  approximated  at  the 
present  state-of-the-art.  Since  the  DCG  is,  in  fact,  a  dependent  parameter 
the  RCG,  an  independent  parameter,  is  used  for  test  control  purposes. 

Track-ground  contact  width 
and  length,  nominal  (b  and  j) 

41.  Three  track  widths  (15.2,  30.5,  and  -Sl.O  cm)  at  each  of  two  hard 
surface  track-ground  contact  lengths  (6l.O  and  121.9  cm)  can  be  achieved 
with  the  presently  available  tracks  and  track  frame  housings.  The  in-soil 
contact  length  can  be  determined  from  the  known  shape  of  the  track  periph¬ 
ery  and  the  inclination  and  sinkage  of  the  track,  which  are  recorded  con¬ 
tinuously  during  a  test.  Since  track-ground  surface  contact  length  is  a 
dependent  parameter,  track-ground  contact  length  on  a  hard  surface,  an  in¬ 
dependent  parameter,  is  used  for  test  control. 

Angle  of  approach  and 
angle  of  departure  [a  and  B ) 

42.  The  periphery  of  the  track  between  the  end  road  bogie  and  the 
track  sprocket  (at  either  the  front  or  rear  of  the  track)  consists  primar¬ 
ily  of  two  straight  lines.  At  either  end,  the  primary  adjustment  of  the  in¬ 
clination  of  these  lines  to  the  horizontal  is  made  by  securing  the  mounting 
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pin  of  the  angle-positioning  bogie  in  one  of  the  four  holes  in  the  mount¬ 
ing  brackets  on  either  side  of  the  track  housing  (fig.  ll).  The  incli¬ 
nation  of  the  lower  line  is  also  influenced  by  the  vertical  position  of  the 
end  road  bogies,  which  position  changes  as  a  function  of  applied  load  and 
bogie  pressure  level;  maximum  travel  of  each  road,  bogie  is  10  cm.  Finally, 
the  idler  (but  not  the  drive)  sprocket  can  be  moved  through  an  arc  deter¬ 
mined  by  a  pivot  point  and  the  extension  of  a  regulated  hydraulic  jack 
(fig.  ll),  thus  influencing  the  inclination  of  the  upper  line  at  the  idler 
sprocket  end  of  the  track.  Possible  values  of  the  angle  to  the  horizontal 
of  the  lower  inclined  line  range  from  21.5  to  33.0  deg  with  the  end  bogie 
fully  extended,  and  from  5.5  to  18.5  deg  with  it  fully  depressed.  Angles 
to  the  horizontal  of  the  upper  inclined  line  range  from  30*5  to  39*0  deg  at 
the  drive  sprocket  end  of  the  track;  at  the  idler  sprocket  end,  they  range 
from  3'.) . 0  to  46.0  deg  with  the  angle-positioning  bogie  in  its  outermost  po¬ 
sition,  and  from  28.0  to  37*5  deg  with  it  in  its  innermost  position  (ranges 
of  these  values  are  produced  by  different  extensions  of  the  hydraulic  jack) 
Until  track  sinkage  exceeds  the  vertical  height  of  the  positioning  bogie, 
only  the  lower  angle  influences  track  performance;  after  this  sinkage  is 
exceeded,  both  the  lower  and  upper  angles  influence  performance.  For  con¬ 
trol  purposes,  only  the  lower  angle  at  either  end  of  the  track  is  specified 
(approach  angle  a  ,  and  departure  angle  3). 

Track-bell  tension 

43.  Tensile  force  within  the  track  belt  is  difficult  to  measure  di¬ 
rectly.  The  stretching,  contracting,  flexing,  etc.,  of  the  rubber-and- 
fabric  track  belt  make  it  quite  difficult  to  implant,  maintain,  and  obtain 
accurate  measurements  from  small  force -measuring  devices  (strain  gage  cells 
etc.)  within  the  body  of  the  track  belt.  For  control  purposes  in  routine 
tests,  the  relative  tightness  of  the  track  is  indicated  by  a  regulated  hy¬ 
draulic  jack  that  exerts  outward  pressure  on  the  idler  sprocket.  The  pres¬ 
sure  level  of  the  cylinder  is  continuously  recorded  during  the  course  of  a 
test  and  provides  an  indication  of  the  force  applied  through  the  idler 
sprocket  to  the  track  belt  and,  hence,  an  index  of  track-belt  tension  at 
the  idler  sprocket.  An  estimate  of  the  tensile  force  within  the  track 
belt(s)  in  the  vicinity  of  the  idler  sprocket  can  be  obtained  from  a 
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free-body  diagram  (fig.  12).  Force  exerted  is  equal  to  hydraulic  jack 
pressure  P  times  inner  chamber  cross-section  area  A  .  Pressure  range 
is  0-20,700  kw/m^,  and  inner  chamber  area  is  7*9  cm^. 

E'f’jj  :  PA  cos  a  -  (X^  +  xg  sin  b)  =  0 
+T 

EFy  :  PA  sin  a  -  X^  cos  b  =  0 


X 


2 


PA 


sin  a 
cos  b 


X^  =  PA  [cos  a  -  (sin  a)  (tan  b)] 


Track-shoe  spacing, 

height,  and  thickness  (fig.  2) 

44.  Spacing  between  adjacent  track  shoes  is  increased  by  removing 
one  or  more  shoes  between  each  successive  pair  left  in  place.  With  all 
shoes  in  place,  track-shoe  spacing  is  3*0  cm.  Three  sets  of  15.2-cm-wide 
track  shoes  arc  on  hand,  with  heights  of  1.3,  2.5,  and  5-1  cm.  The  30.5- 
and  6l.0-cm-wide  track  shoes  all  have  the  same  height  (2.5  cm).  All  track 
shoes  are  0.32  cm  thick.  For  each  track  width,  a  set  of  shoes  is  on  hand 
with  track-shoe  opening  equal  to  7.7  cm.  Available  also  are  two  additional 
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sots  of  •  • !  .O-om-wide  shoes  wit  it  7.1-  and  6.2-em  shoe  openings,  respectively 
k.ese  sines  i  • different  openings  can  be  bolted  inside  each  other  to  build 
••  set  i  f  thinner  track  shoes,  each  composite  shoe  consisting  of  either  two 
or  three  sheer.. 
i -ion  i. -•■■■': ,cc  1  sp'i'"i:r;  .and  rise 

■o  .  v.iti:  the  available  track  frame  housings,  tiie  front  and  rear 
v;hoe  i  s  are  ei  titer  e!.0  or  121.9  cm  apart.  At  minimum  spacing,  adjacent 
t\  'i  l  wi.eels  within  these  lengths  are  20.3  cm  apart.  Spacing  within  the 
!2!."-om  length  can  be  doubled  by  removing  every  other  road  wheel,  starting 
or.e  wheel  from  either  end.  Since  an  odd  number  of  road-wheel  spacings  is 
Inclined  with  in  the  bl.O-cm  length.,  it  is  not  practical  to  increase  the 
snaciug  :'!\  m  20.  ;  cm.  Only  one  sir.e  of  road  wheel,  17 .8- cm  diameter,  is 
presently  available.  Other  sines  will  be  used  at  a  later  date. 

Pressure  in  road  bo¬ 
gies  and  its  distribution 

hb.  (hie  10-cm-diam  positive-load  pneumatic  cylinder  per  road  wheel 
applies  an  outwardly  directed  force  of  8.1  N  for  each  kN/m^  gage  pressure. 
Maximum  usable  pressure  in  the  road  bogies  is  approximately  620  kN/m  . 
these  pneumatic  units  are  individually  regulated  and  instrumented  to  pro¬ 
vide  a  continuous  record  of  pressure  throughout  a  test. 

Drive  sprocket 

h'Y.  The  V.'K.g  model,  track  is  chain  driven  by  a  lo  .5-etn-track-drive- 
radius  sprocket  wheel  capable  of  operating  cither  clockwise  or  counter¬ 
clockwise.  Thus,  the  model  track  can  be  tested  equally  well  as  a  rear- 
drive  or  a  front-drive  unit. 

Track-frame  trim  angle 

18.  Though  generally  considered  a  dependent  variable,  track-frame 
trim  angle  can  be  treated  as  an  independent  variable  if  it  is  maintained 
constant  at  a  prescribed  level  by  a  (dependent)  restraining  force.  (The 
fixcd-trim-angle  test  mode  is  described  in  paragraphs  68-70.)  The  values 
of  track-belt  trim  angle  and  track-frame  trim  angle  match  only  if  the  dis¬ 
tance  between  each  road  wheel  and  the  track  frame  is  maintained  at  a  single 
value:  otherwise,  these  angles  differ  as  a  function  of  the  magnitude  and 
iir.tr ibution  of  test  load,  pressure  in  the  road,  bogies,  and  soil  strength. 
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The  model  track  can  be  tested  at  values  of  track-frame  trim  ancle  from  zero 
to  about  30  deg. 

Other  track  dimensions 

49.  Several  important  track  performance  parameters  almost  certainly 
are  related  to  linear  track  dimensions.  For  example,  torque  depends  on 
track  drive  radius,  and  sinkage  very  likely  depends  on  one  or  more  track 
dimensions.  External  forces  transmitted  to  the  track,  e.g.  the  force  gen¬ 
erated  by  a  bulldozer  blade  pushing  soil  or  by  a  vehicle  being  towed  by 
the  track,  must  be  described  in  terms  of  magnitude,  position,  and  inclina¬ 
tion.  Possibly,  the  effect  of  such  forces  can  be  described  by  their  influ¬ 
ence  on  the  position  of  the  track's  center  of  gravity  (CG),  which  position 
requires  two  linear  track  dimensions  for  its  description.  In  any  case,  any 
number  of  linear  track  dimensions  or  functions  thereof  are  subject  to  being 
used  to  describe  track  performance . 


Test  Facilities  and  Equipment 


WES  model  track  assembly 

50.  The  model  track  assembly  was  designed  for  testing  in  toe  same 

h 

facilities  used  previously  for  tests  on  tires.  Major  components  of  the 
assembly  are  specified  in  the  following  tabulation: 


51.  The  model  track  can  be  tested  in  cither  of  two  dynamometer 
carriage-soil  bin  arrangements.  A  description  of  each  test  system  follows. 
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intermediate-scale  test  • 
cnfrini'e  and  seal  test  bins 


r>2.  Tlie  carriage  is  supported  by  solid,  rubber-tired  rollers  that 
ride  on  a  pair  of  accurately  aligned  and  leveled  overhead  rails  that  are, 
in  turn,  suspended  from  columns  and  cantilevered  crossarms.  The  carriage 
is  towed  by  an  endless  cable  that  is  fastened  fore  and  aft  to  the  carriage, 
passes  over  pulleys  near  the  ends  of  the  test  building,  and  is  driven  by 
sheaves  mounted  on  a  platform  above  the  overhead  rails.  The  towing  cable 
is  positioned  above  the  center  line  of  the  test  lane  that  is  formed  by  join¬ 
in';  movable  soil  bins  (O.Sl  by  I.63  by  8.23  m)  end  to  end.  For  tests  of 
t.-.e  model  track,  the  speed  of  the  cable  can  be  varied  continuously  from 
sen  to  about  O.v  m/sec.  The  transverse  position  of  the  track  carriage  can- 
r<  t  be  changed,  so  tests  can  be  conducted  only  along  the  longitudinal  cen¬ 
ter  line  of  the  test  bins. 

bi-  The  model  track  is  mounted  in  the  carriage  by  securing  the  outer 
ends  of  on  axle  assembly  (whose  inner  ends  attach  to  the  track  frame  hous¬ 
in''  Into,  sockets  locate  I  between  the  inner  and  outer  walls  of  the  sides  of 
the  iy nanometer  carriage  (fig.  13).  Within  each  of  these  sockets,  a  17*8- 
kii-capvcit;.'.  two —component  dynamometer  measures  both  the  vertical  force 
'load)  an:  the  horizontal  force  (drawbar  pull)  imparted  to  it  by  the  model 
trac-..  Ixai  can  be  applied  to  the  track  either  by  the  addition  of  dead¬ 
weights  or  by  ei  ;ht  20.3-cm-diam,  single-acting,  pneumatic  cylinders  set  in 
pairs  ' cr.e  positive  and  one  negative  load  or  lift)  at  the  front  and  rear  of 
eae.-.  si  le  o  '1  the  test  carriage.  Under  zero  pressure  to  the  cylinders,  the 
weight  cf  the  track  is  independent  of  the  weight  of  the  carriage  and  con¬ 
sists  of  the  track  and  axle  assemblies.  Maximum  usable  test  load  (approxi¬ 
mately  3.9  k? ; )  is  limited  not  by  the  capacity  of  the  cylinders,  but  by  the 
structural  capacity  of  other  components  of  the  track  system  (roller  wheels, 
etc.).  The  sensitivity  of  the  loading  system  allows  tests  to  be  conducted 
at  very  light  loads  (to  about  1.5  kN  or  smaller).  Air  storage  tanks  pro¬ 
vide  a  reserve  air  supply  to  compensate  for  movement  of  the  loading  cylin¬ 
ders  caused  by  sinkage  of  the  track. 

5!!  •  An  electric  motor  atop  the  carriage  drives  a  hydraulic  pump  that 
sends  oil  from  a  reservoir  to  each  of  two  20-hp  synchronized  hydraulic 
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1 , 


...e  i  i  :i 


each  side  «•!'  Liiii  ti”ick  and  vritiiin  the  axle  assembly. 


i  i  :Vi  t  o. ir-uilic  motors  lit  transferred  to  the  drive  sprocket  by 
•  cans  i  -i  ••.In  drive.  Torque  developed  at  the  rear  sprocket  Is  measured 
by  ••  Li  rque  sensor  of  ‘h.d'-m-KU  capacity,  i’ree  vertical  movement  of  the 
trace  Is  achieve  i  by  a  colimm-and-rol  icr  assembly  mounted  on  each  side  of 
the  carriage.  tn-so.il  vertical  movement  oi  tie  track  is  measured  by  linear 
potentiometers  located  at  the  load  axle  and  at  a  point  near  the  rear  of  the 
track.  The  distance  between  these  points  is  known,  and  continuous  record- 
ln.es  arc  made  of  vertical  positions  of  tie  two  points  so  that  track  trim 
ancle  can  be  computed  for  any  instant  during  trie  course  of  a  test.  Deflec¬ 
tion  of  each  road  bogie  is  measured  by  a  linear  potentiometer  mounted  along 
side  the  bogie,  and  tie  air  pressure  level  of  each  road-bogie  pneumatic 
cylinder  is  monitored  by  a  regulator  of  'il-t-kl-l/m  capacity  (fig.  13a). 

•  The  primary  advantage  of  the  intermediate-scale  arrangement  is 
Its  utility  in  testing  the  model  track  under  light  loads;  however,  the  sys¬ 
tem  has  two  serious  drawbacks :  (a)  The  cross-sectional  size  of  the  soil 

bins  is  small  relative  to  the  size  of  some  of  the  tracks,  the  6l .O-cm-wide 
track  in  particular;  thus,  test  results  might  be  influenced  to  seme  degree 
by  boundary  conditions  imposed  by  the  bins,  (b)  Probably  even  more  serious 
the  clearance  between  the  top  of  the  track  and  the  carriage  tow  cable  is 
.just  V  cm  when  the  track  is  level  at  zero  sinkage.  To  prevent  the  top  of 
the  track  from  striking  the  cable  during  the  course  of  a  test,  two  re¬ 
straints  were  constructed,  one  on  eacli  side  of  the  front  of  the  test  car¬ 
riage  (fig.  13a).  Twc  load  cells  were  mounted  on  arms  built  on  each  side 
of  the  track  to  engage  these  restraints  just  prior  to  cable-track  impact. 
This  construction  eliminates  the  collison  problem,  but  alters  the  soil- 
track  system  in  that  the  maximum  in-scil  trim  angle  of  the  track  is  limited 
to  about  1.'  deg.  and  the  DCG  of  the  track  is  changed  by  the  force  of  strik- 
j  a;  •  t;  .e  restraint s . 

Large-scale  test  car¬ 
riage'  and  soil  test  oit 


.  because  of  the  drawbacks  listed  in  paragraph  55,  the  model  track 
••  letter  suited  t<  testing  in  the  V.'KS  large-scale  dynamometer  test  car- 
■  c.  This  carriage  rides  on  two  standard-size,  railroad-type  rails  that 


are  accurately  leveled  and  spaced  3-56  m  apart  (fan.  lk).  Each  rail  is  set 
in  concrete  at  ground  level  at  a  distance  of  15  cm  outside  the  vertical 
side  walls  of  the  test  pit  over  which  the  carriage  travels.  The  pit  is 
concrete-lined,  is  54.9  m  long  and  3*56  rn  wide,  and  slopes  from  1.83  m  deep 
h  .46  rn  from  one  end,  to  1.93  m  deep  6.40  rn  from  the  ocher  end.  A  3-05-m- 
long  service  platform  is  located  within  the  6.40-tn  end  of  t'ne  pit  and  the 
5  .48  -m  end  is  inclined  at  3:1  slope  to  allow  entrance  and  exit  of  large 
test  vehicles  or  other  equipment.  Each  wheel  of  the  test  carriage  is 
driven  by  a  7-1 ^°-hp  d-c  electric  motor:  and  all  four  motors  are  powered  by 
a  generator  located  near  the  rear  of  the  test  frame  on  which  the  dynamom¬ 
eter  carriage  rides  (fig.  l4b).  For  tests  with  the  model  track,  the  speed 
of  the  dynamometer  carriage  and  test  frame  can  be  varied  continuously  from 
zero  to  about  0.6  m/sec.  The  test  carriage  ana  the  track  within  it  can  be 
moved  transversely  33  cm  to  either  side  of  the  center  line,  so  tests  can  be 
conducted  on  more  than  one  traffic  lane  when  appropriate. 

57*  The  track  and  inner  frame  of  the  test  carriage  assembly  are  sus¬ 
pended  from  the  outer  frame  at  two  hinges  (one  on  each  side  of  the  test 
carriage)  that  are  strain  gaged  to  measure  force  (fig.  15)-  The  inner 
frame  is  restrained  from  turning  about  the  hinges  by  two  load  cells  (one  on 
each  side  of  the  test  carriage),  each  cell  mounted  horizontally  between  one 
point  on  the  inner  frame  and  another  on  the  outer  frame,  such  that  the  load 
cell  causes  the  inner  frame  to  be  aligned  vertically.  Four  25-cm-diam  pneu¬ 
matic  cylinders  (three  lift  and  one  load)  react  between  the  inner  frame  and 
the  rigid  floor  of  the  carriage  bed  to  control  the  net  vertical  load  actu¬ 
ally  applied  to  the  strain-gaged  hinges .  Deadweight  of  the  entire  inner 
frame  (excluding  the  track)  is  approximately  -‘9  kli.  The  capacity  of  the 
hinged  strain  gages  is  4k . 5  kil  each,  and  that  of  the  horizontally  mounted 
load  cells  is  22.2  kW  each.  To  allow  the  large-scale  test  system  to  apply 
the  maximum  design  load  (27  kil)  to  the  track,  the  seven  low- capacity  (4l4 
kli/m  )  air  pressure  regulators  for  the  road  bogies  were  replaced  with  fast- 
acting,  solenoid-operated  ones  of  1380-kI'l/m  capacity  each.  The  outer 
frame  (and  the  inner  frame  with  it)  moves  vertically  within  guides  on  each 
side  of  the  carriage  as  a  function  of  (a)  pressure  within  the  load  and  lift 
pneumatic  cylinders  and  (b)  sinkage  of  the  track  in  soil.  Drawbar  pull  and 
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Fig.  15.  Force-measuring  systems  for  the  model  track  mounted 
in  the  large-scale  test  carriage 

load  can  be  measured  by  the  horizontally  mounted  load  cells  and  the  strain- 
gaged  hinges,  respectively,  or  by  the  two  17.8-kN-capacity,  two-component 
dynamometers  of  the  track  axle  assembly.  Thus,  two  completely  independent 
systems  are  available  for  measuring  pull  and  load  when  the  track  is  tested 
in  the  large-scale  test  carriage. 

Techniques  applica- 
ble  to  both  test  systems 

?8.  Except  as  noted  previously,  the  intermediate-scale  and  large- 
scale  test  arrangements  are  similar.  In  both  facilities,  tests  are  con¬ 
ducted  primarily  in  two  types  of  soils:  (a)  nearly  saturated  fine-grained 
clays  and  silts  and  (b)  air-dry  coarse-grained  sands.  Procedures  for  proc¬ 
essing  these  soils  in  the  test  bins  are  described  in  reference  4:  corre¬ 
sponding  procedures  are  carried  out  on  a  somewhat  larger  scale  in  the  test 
pits.  In  both  facilities,  the  model  track  can  be  instrumented  to  provide 
two  continuous  recordings  of  each  of  the  following  variables:  load,  torque 
pull,  sinkage  at  the  load  point,  sinkage  at  a  point  near  the  rear  cf  the 
track,  deflection  cf  each  of  the  road  bogies,  pressure  in  the  road  bogies, 
track  tension,  track  speed,  and  carriage  speed.  Records  are  printed  in 
both  numeral  form  by  an  on-line  digital  computer  and  trace  form  by 


1  •harmel  oscillographs.  Reduction  61'  test  data  is  routinely  acconi- 
i  through  computer  operations,  since  this  requires  considerably  less 
•tnd  manpower  than  is  needed  to  extract  the  data  from  oscillograph  re- 
Lnes.  The  oscillograph  recordings  are  used  both  in  a  backup  role  (i.c. 
rovi  le  a  check  on  the  accuracy  of  the  digital  readings)  and  for  visual 
ks  aft-'r  each,  test  is  run  to  determine  whether  all  systems  were  operat- 
properly  and  the  test  appears  to  be  a  valid  one.  A  comprehensive  and 
•rate  representation  of  the  in-soil  track  performance  can  be  obtained 
cither  recording  of  the  variables. 


1-ART  l'V:  LABORATORY  EVALUATION  OK  TRACK  PERFORMANCE 


Some  Considerations  Pertinent  to  Testing  Single  Traci-.s 


Track  versus  v/iieel 

*J»9.  A  single  wheel  can  be  abstracted  to  an  elementary  running  rear 
that  can  be  studied  independently  of  a  vehicle .  A  single  track,  however , 
exhibits  actions  closely  related  to  the  vehicle  as  a  whole.  Thus,  study  of 
such  v;  ''Tables  as  dynamic  soil  pressure  redistribution  (which  corresponds 
to  dynamic  weight  transfer  of  wheeled  vehicles)  and  trim  ancle  (which  cor¬ 
responds  to  differential  sinkage  of  front  and  rear  wheels  of  a  wheeled  ve¬ 
hicle)  must  be  considered  on  integral  part  of  a  soil-track  test  program. 
Location  of  center  of  gravity 

■  0.  Also,  in  contrast  to  wheels,  whose  CG  is  always  at  the  axle,* 
the  WES  model  track  can  have  its  RCG  moved  within  considerable  limits  as  a 
function  of  location  of  the  load  axle,  the  magnitude  of  load  acting  at  the 
axle,  the  magnitude  and  location  of  deadweights,  and,  to  a  lessor  extent, 
track  width,  and  length  and  the  position  of  the  idler  sprocket,  wheel.  More 
important  to  track  performance  than  the  RCG,  however ,  is  the  DOG,  i.e.  the 
point  where  all  force  vectors  acting  on  the  track  during  a  test  intersect. 
The  forces  are: 

a.  The  resultant  of  the  interface  forces. 

b.  The  gravity  forces  of  the  track. 

c.  The  load. 

d.  The  drawbar  pull. 

For  a  particular  t.’ack  operating  at  a  particular  slip  value  on  a  soil  of 
given  strength,  location  of  the  DCG  is  a  test -dependent  variable  affected 
primarily  by  track  trim  angle,  dynamic  pressure  redistribution,  and  draw¬ 
bar  pull.  To  obtain  at  least  a  qualitative  insight  into  this  multiple  in¬ 
terdependence,  consider  the  free -body  diagram  of  the  WE!?  model  soil-track 
system  in  a  simplified  case.  i.e.  without  soil  reactions  at  the  front  and 
rear  soil-track  interfaces.  The  track  with  load  axle  mounted  ahead  of  and 
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below*  the  HCO  i.s  shown  in  fig.  1 6,  where 

V.'  -  axle  load  at  the  load  point  (LP) 

V.'  ■  weight  of  tiie  track  system 
-  resultant  of  W  +  W* 

P  :  pul !. 

Fi  -  norma L  soil  reaction  resultant 
T  tangential  soil  reaction  resultant 
I ^  •  resultant  of  N  +  T 
The  euill ibrium  equations  are: 

Fix  -  Td  -  Vi' (a  cos  0  +  c  sin  0)  =  0  (7) 

P  +  N  sin  0  -  T  cos  0=0  (8) 

Vi  +  V/’  -  N  cos  0  -  T  sin  0  =  0  (9) 

rVr  a  purely  frictional  soil  (c  =  0),  the  force  T  can  be  expressed  as  a 
function  of  the  normal  force  N  . 

T  =  XN  (X  <  tan  0)  (10) 

where  X  is  a  soil-condition  constant.  Equation  10  shows  that  the  track 
can  utilise  up  to  the  maximum  possible  amount  of  frictional  force  available 
in  rupture  patterns  at  the  soil-track  interface.  If  X  is  assumed  to  be 
inlependent  of  the  trim  angle  0  ,  incorporation  of  equation  10  with  equa¬ 
tions  7-9  can  lead  to  an  expression  for  x  in  terms  of  properties  of  the 
Ion  led  track  and  soil  property  X  : 

Fix  -  Td  -  W'(a  cos  0  +  c  sin  0)  =  0  (From  equation  7) 

:;y  rearranging: 

*  because  of  the  construction  of  the  WES  track,  the  load  axle  is  always 
slightly  below  the  HOG. 
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ANGLE  6 


(11) 


Td  ^  W*a(cos  fl)  i-  W'cfsin  8) 
N 

T  --  XN  (From  equation  10) 


VI*  a  (cos  8)  +  W*c(sin  9) 
N 


N  = 


X  =  Xd  + 

VJ  +  W  -  T  sin  e 


cos  9 


_  VI  +  W*  -  XN  sin  a 
cos  0 


(From  equation  9) 


(12) 


:'y  rearranqin;* : 


W  cos  9  +  XN  sin  9  =  W  +  W 


cr 


N  = 


W  +  W’ 


X  sin  e  +  cos  0 


(13) 


Substituting  equation  13  into  equation  12  yields: 

x .  u  *  (w»  cos ,)  ^ s1;; ;  ;.cos  e)  *  (wc  sm  e)  *g ;  ;,cos  e) 


cr 

2  2 

V."a(X  sin  9  cos  9  +  cos  9)  +  W'c(X  sin  9  +  sin  9  cos  9)  ^  n 

x  -  M  +  w,  VX4; 

;>]  .  Ti  e  changes  in  the  position  of  the  DCO  with  9  can  be  seen  by 
comparing  figs.  l6a  and  l6b.  More  important,  however,  is  the  variation  of 
the  point  of  app] ication  of  the  resultant  ,  characterized  by  the  dis- 

o 

tance  x  .  Equation  14  shows  that  x  varies  with  9  in  a  complex  fash¬ 
ion.  If  X  =  0.5  is  assumed,  the  two  terms  in  parentheses  take  values  as 
l  lows : 


_e 

First  Term 

Second  Term 

0 

1.000 

0.000 

5 

1.035 

0.091 

10 

1.055 

0.186 

15 

1.058 

0.284 

20 

1.04.3 

0.379 

25 

1.013 

0.472 

30 

0.9  06 

0.558 

Thus,  the  first  term  exhibits  a  maximum  value  at  an  intermediate  value  of 
trim  an^de,  while  the  second  term  yields  steadily  increasing  values  in  the 
range  of  conceivable  trim  angles. 

62.  Equation  l4  is  applicable  for  the  WES  model  track.  Other  soil- 
track  systems,  and  in  particular  those  with  a  drawbar  pin  at  the  rear  of 
the  track,  exhibit  a  different  relation  (fig.  17).  The  equilibrium  equa¬ 
tions  for  fig.  17  are: 


W*  -  II  cos  6  -  XN  sin  9  =  0 


0-5) 


P  +  N  sin  0  -  XN  cos  9=0 


(1C) 


Ph  cos  9  +  Pa  sin  9  +  Hx  -  XI!d  =  0 


(17) 


yielding : 


2  2 
x  =  Xd  -  h (X  cos  9  -  sin  9  cos  9)  -  a(X  sin  9  cos  9  -  sin"  9)  (iQ) 

For  X  =  0.5  3  the  two  terms  in  parentheses  take  values  as  follows: 

9  First  Term  Second  Term 


0 

0.500 

0.000 

5  ■ 

0.4  09 

0 . 030 

10 

0.314 

0.055 

15 

0.217 

0.058 

20 

0.120 

0.043 

29 

0.028 

'0.013 

30 

-0.058 

-0.034 
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The  relations  between  x  and  9  are  quite  different  in  the  two  investiga¬ 
ted  cases  (i.e.  the  WHS  model  track  and  the  track  with  rear-mounted  drawbar 
pin).  Because  of  the  particular  construction  of  the  V/KS  model  track,  the 
distance  x  depends  on  the  load  W  and  weight  V/5  (equation  lH),  while 
equation  18  does  not  show  such  dependency.  More  important,  equations  l^t 
and  18  (together  with  the  tabulations  in  paragraphs  6 1  and  62,  reopec- 
tively)  indicate  that  the  pattern  of  change  of  x  with  9  is  different 
for  the  two  cases.  (For  both  cases,  however,  the  value  of  x  is  larger 
for  positive  values  of  0  than  for  9=0,  at  least  for  positive  values 
of  a*  and  c  in  equation  lh  and  positive  values  of  h  and  a  in  equa¬ 
tion  18,  and  for  values  of  9  to  at  least  25  deg.)  Note  also  that  the  DC 
moves  upward  with  increasing  trim  angle  for  the  WES  model  track  and  down¬ 
ward  for  the  track  with  rear-mounted  drawbar  pin. 

Dynamic  pressure  redistribution 

63.  The  interactions  described  in  terms  of  movement  of  the  DCG  can 
also  be  examined  as  a  function  of  dynamic  pressure  redistribution.  A  hori¬ 
zontal  force  acting  at  the  drawbar  of  a  vehicle  generates  a  moment  that 
tends  to  overturn  the  vehicle.  This  moment  must  be  counterbalanced  by  an 
opposing  moment  of  equal  magnitude,  which  usually  is  provided  by  a  shifting 
of  the  vertical  soil  reaction.**  To  evaluate  the  effects  of  dynamic  pres¬ 
sure  redistribution,  consider  the  WES  model  track  traveling  with  zero  pull 
(self-propelled  condition),  represented  in  fig.  l8a  by  the  solid  vector 
lines.  The  vertical  soil  reaction  force  V  ,  composed  of  normal  and  tan¬ 
gential  components,  is  equal  and  opposite  to  the  resultant  track  load 
R.  =  W  +  W '  .  The  distance  from  load  axle  to  V  is  designated  . 

•jl .  The  corresponding  situation  with  pull  is  represented  by  the 
dashed  vectors.  The  moment  generated  by  the  vectors  P  and  horizontal 
soil  reaction  force  II  is 


If  the  load  axle  is  mounted  some  distance  behind  tiie  RCG  (yielding  a 
negative  a  value  in  equation  ll),  distance  x  could  decrease  with  the 
trim  angle. 

*  The  same  phenomenon  occurs  also  for  vehicles  on  slopes  even  if  no  pull 
is  developed.  In  this  case,  the  weight  component,  parallel  to  the  slope 
acts  as  pull  tlirough  the  center « 


h9 


(19) 


-  P(d  cos  9  +  x  sin  9 ) 
p 

vl.ii':;  ir  counterbnl  rmceJ  b.v  the  moment  generated  by  a  shift  of  the  vertical 
resultant  V 


M  =  V(x  -  x,.)  cos  0 
v  0 


Tiie  condition 


«p 


M  yields 


Pd  +  VXq 
V  -  P  tan  9 


(20) 


(21) 


The  distance  x  has  the  same  meaning  here  as  previously  (equation  l4 ) .  In 
fact,  equation  14  is  obtained  by  introducing  into  equation  21  the  relations 


V  =  w  +  w* 


Xq  -  d  tan  9  + 


W'(a  cos  9  +  c  sin  8)* 
(W  +  W)  cos  9 


P  = 


A.T  .  w .  \  X  cos  9  -  Sin  9** 
^  '  cos  9  +  X  sin  9 


65.  To  describe  the  above  relations  in  terms  of  dynamic  pressure  re¬ 
distribution,  the  shift  of  the  resultant  V  must  be  expressed  in  terms  of 
pressure  variations.  If,  for  simplicity,  a  linear  pressure  distribution  is 
assumed,  the  ccuntermoment  can  be  represented  by  change  from  a  uniform  dis¬ 
tribution,  as  expressed  by  two  triangular  pressure  distributions  (fig.  l8b). 
With 

b  =  track  width 

SL  =  total  contact  length 

D  =  resultant  force  from  a  triangular  pressure  distribution 

a,  =  vertical  stress  increase  at  the  rear  end  (or  decrease  at  the 
front  end) 

M  =  moment  generated  by  triangular  pressure  distribution 


■*  From  moment  equilibrium  equation  in  the  zero  pull  condition. 
*  From  equations  7-9 • 
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it  ft. !  lews  t.'.nt 


D  =  jj-  f.b ccc  Q 


M,  =  DXri  cog  9  =  7  bj^a .  cos2  9 

d  3  f)  fi 


The  condition  (from  equation  19)  yields 


12  2 

7  bjd  <7  cos  9  =  P(d  cos  Q  +  x  sin  9) 

O  Cl 


or 


CTd  = 


6p(d  cos  9  +  x  sin  9) 

bp2 

Substituting  from  equation  21  for  x  : 


.  .2  2  A 
bp  cos  9 


(22) 


d  cos  9  +  x  sin  9 

- '1 -  (23) 

(V  -  P  tan  9)  cos2  9„ 

66.  By  the  same  approach  in  the  second  investigated  case  (track  with 
rear-mounted  drawbar,  fig.  19),  the  pull-generated  moment  (i.e.  the  moment 


fft  ~w’ 


Fig.  19.  Dynamic  pressure  redistribution  for  track  with 
rear-mounted  drawbar 


generated  about  A  only  because  P  and  H  act)  is 

Mp  =  P  [(d  -  h)  cos  0  -  (a  -  x)  sin  ej 
and  the  countermoment  is 

Mv  =  V(x  -  xQ)  cos  0 


(2h) 


(25) 


Getting  f-L  -  and  solving  yields: 

P(d  -  h  -  a  tan  ©)  +  Vxn 
*  '  - V  ■  P  tan  9 - 2 

The  equation  for  the  countermoment  in  terms  of  dynamic  pressure  redis¬ 

tribution  (fig.  ,1.8b)  can  be  expressed,  as  before,  by 

12  2 
Md  =  6  ^d  C0S  ® 


For  M  =  Md  , 


6P f(d  -  h)  cos  0  -  (a  -  x)  sin  0~| 


2  2 
bj l  cos  0 


Substituting  the  expression  of  equation  2 6  for  x  yields: 

rn.  f  d  cos  0  +  X-  sin  9  ,  ,  ,  , 

oPV  _  0 _  a  sin  0  +  h  cos 


b/,2  I  (V  -  P  tan  9)  cos2  0  (V  -  P  tan  0)  cos'"  0 


67.  Comparison  of  equations  23  and  28  reveals  that  the  mechanism  of 
dynamic  pressure  redistribution  is  different  for  the  two  track  systems. 
Generally,  the  magnitude  of  dynamic  pressure  redistribution  for  the  track 
with  rear-mounted  drawbar  is  less  than  that  of  the  WKS  track,  as  evidenced 
by  the  negative  term  in  equation  28  that  is  lacking  in  equation  23.  In 
fact,  for  a  track  system  with  rear-mounted  drawbar,  a  situation  can  be  en¬ 
visioned  where  numerators  of  terms  within  the  brackets  of  equation  28  are 
equal,  in  which  case  the  dynamic  pressure  redistribution  according  to  equa¬ 
tion  28  vanishes.  In  geometric  terms,  this  situation  is  characterized  by 
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the  DCG  being  exactly  at  the  soil-track  interface.  This  condition  normally 
cannot  be  simulated  with  the  WES  model  track  because  its  DCG  is  not  allowed 
to  vary  significantly  in  height  because  of  the  particular  construction  of 
the  track. 

Concept  of  fixed  trim  angle 

68.  The  general  conclusion  that  must  be  drawn  from  all  of  the  above 
considerations  is  that  no  single  track  system  can  be  considered  representa¬ 
tive  for  all  tracks  when  the  complex  mechanisms  described  above  are  al loved 
to  act.  One  approach  that  eliminates  the  effects  of  dynamic  pressure  re¬ 
distribution  and  the  implications  of  unaccounted  for  variations  of  track 
trim  angle  involves  mechanically  fixing  the  trim  angle  at  a  predesignated 
position  for  each  test  conducted.  Moments  generated  by  the  drawbar  pull 
then  are  counterbalanced  not  by  a  shift  of  the  soil  reaction  resultant,  but 
by  the  forces  and  moments  that  hold  the  track  in  its  original  position. 
Since  the  dynamic  pressure  redistribution  has  been  shown  to  be  the  major 
factor  that  disallows  any  one  track  to  be  representative  of  all  single 
tracks,  the  elimination  of  this  effect  allows  the  WES  track  performance  pa¬ 
rameters  to  be  applied  to  other  tracks  operating  at  the  same  trim  angle. 

69.  In  a  sense,  fixing  the  trim  angle  reduces  the  track  to  a  repre¬ 
sentative  basic  running  gear  in  that  the  vehiclelike  characteristics  of 
the  system  are  eliminated.  Secondly,  this  operation  causes  trim  angle  to 
be  treated  as  an  independent  variable,  and  reduces  by  a  considerable  amount 
the  number  of  geometric  terms  that  would  have  to  be  included  in  applying 
dimensional  or  other  types  of  analysis  to  the  soil-track  tort  results .  In¬ 
deed,  most  of  the  geometric  parameters  used  in  the  foregoing  analysis  are 
eliminated  from  consideration.  A  third  advantage  of  this  test  mode  is  that 
it  produces  a  wealth  of  information  per  test,  since  a  measured  amount  of 
torque  can  be  considered  to  be  produced  by  a  force  at  any  point  on,  within, 
or  even  beyond  the  periphery  of  the  track,  as  long  as  the  product  of  force 
times  distance  from  the  point  of  track  rotation  is  the  same  as  the  measured 
torque.  Thus,  the  effect  of  having  a  force  act  at  various  points  on  or 
near  the  front  of  the  track  (e.g.  by  a  loaded  scraper  blade),  on  the  rear 
of  the  track  (in  towing  another  vehicle),  or  even  within  the  track  (moving 
the  RCG  by  shifting  the  weight  distribution)  can  be  simulated  by  measuring 
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the  torque  needed  to  maintain  the  trim  angle. 

70.  The  primary  disadvantage  of  testing  the  track  at  various  fixed 
trim  angles  is  that  the  resulting  track  performance  system  is  applicable 
only  to  tracks  operating  at  those  angles,  which  themselves  are  not  pre¬ 
dicted.  Possibly,  results  from  tests  that  treat  trim  angle  as  an  independ¬ 
ent,  controlled  variable  and  the  angle -maintaining  force  as  a  dependent 
variable  will  lend  themselves  to  a  means  of  predicting  trim  angle  for  a 
given  situation.  More  likely,  a  separate  study  will  be  required  for  this 
purpose.  Part  of  this  separate  study  would  necessarily  involve  force- 
distance  combinations,  thereby  reintroducing  some  of  the  parameters  elimi¬ 
nated  in  treating  9  as  an  independent  parameter. 

71 •  Preliminary  test  results  indicate  that  substantial  changes  in 
position  of  the  RCG  and  in  track  trim  angle  influence  track  performance 
only  slightly.  Situations  can  easily  be  envisioned,  however,  where  extreme 
values  of  track  trim  angle  could  be  produced  in  the  field,  and  these  likely 
can  bo  investigated  best  by  using  the  fixed-trim-angle  test  mode. 


Test  Techniques 


72.  Test  equipment  capabilities  allow  the  same  two  techniques  that 
WES  has  employed  in  most  of  its  testing  of  tires  also  to  be  used  in  testing 
tracks.  The  first  technique,  constant-slip  testing,  is  produced  when  a  pre¬ 
selected  slip  value  is  introduced  and  maintained  mechanically;  near- 
constant  slip  also  results  from  a  towed  test  or  a  constant-pull  test  in 
which  the  slip  value,  although  not  mechanically  controlled,  varies  so 
slightly  that  for  practical  purposes  it  can  be  considered  constant.  The 
second  technique,  programmed- slip  testing,  is  produced  by  changing  the  rel¬ 
ative  forward  speeds  of  the  test  carriage  and  the  track  during  the  course 

of  a  test  such  that  a  preselected  pattern  of  track  slip  in  percent 

/horizontal  track  speed  -  carriage  speed  _ _ \  ..  .. 

V  horizontal  track  speed - -  *  100/  results*  Most  WES  tire 

tests  have  been  programmed  increasing-slip  tests  in  which  slip  varied  lin¬ 
early  with  time.  Tests  can  also  be  conducted  as  programmed  decreasing-slip 
ami./ or  with  values  of  slip  changing  in  other  than  linear  fashion.  Slip 
values  included  within  a  single  programmed- slip  test  can  be  made  to  vary 


over  practically  any  portion  of  the  full  (positive  and  negative)  slip  range. 

73 •  If  essentially  the  same  results  are  produced  at  all  levels  of 
slip  by  constant-  and  programmed- slip  tests,  then  programmed- slip  tests  ob¬ 
viously  are  preferred  since  they  yield  far  more  information  per  test.  For 
tires,  it  has  been  verified  both  in  sand  and  in  clay  that  results  from  the 
two  types  of  tests  match,  except  possibly  at  very  small  values  of  positive 
and  negative  slip.  This  results,  in  part,  because  the  tire-soil  contact 
length  is  quite  small  for  conventional  tires,  and  tire  slip  has  negligible 
influence  on  the  change  in  soil  strength  produced  by  tire  traffic. 

74.  Relative  to  a  tire,  the  contact  length  of  a  track  usually  is 
quite  large.  To  determine  the  effect  of  track  slip  on  the  strength  of  a 
coarse-grained  soil,  penetration  resistance  gradient  G  was  measured  in  the 
test  lane  before  traffic  and  at  intervals  of  1.5  m  after  one  pass  of  the 
30.5-  by  121.9-cm  track  in  several  programmed-slip  tests.  Fig.  20  demon¬ 
strates  with  one  curve  for  each  test  that  the  penetration  resistance  of  air- 
dry  Yuma  sand  changes  significantly  as  a  function  of  track  slip.  The  pat¬ 
tern  of  change  within  the  -5  to  +10  percent  slip  range  is  strikingly  differ¬ 
ent  from  the  pattern  outside  that  range.  For  before-traffic  Gn  _r  values 
greater  than  about  2  MN/m  ,  the  original  value  of  Gq  ^  is  retained  at  a 

slip  level  of  approximately  +3  percent;  for  before-traffic  G_  .  _  values 

o  0-15 

less  than  about  2  Mi/m0,  the  after-first-pass  GQ  ^  value  tends  toward 

2  MN/m  at  approximately  +3  percent  slip.  For  all  cases  except  a  combina¬ 
tion  of  very  dense  soil  and  very  light  track  load,  Gn  values  cluster 
about  1.6  MN/nr  at  -5  percent  slip  and  about  1.8  MN/m3  at  +10  percent  slip. 

Outside  the  -5  to  +10  percent  slip  range,  the  after-traffic  values  of  G-  , n 

0-15 

change  only  slightly  but  do  appear  to  decrease  toward  a  value  of  approxi- 

O 

mately  1.5  MN/nr  as  values  of  slip  increase  (either  positively  or  nega¬ 
tively).  It  probably  is  significant  that  the  critical  void  ratio  of  air- 
dry  Yuma  sand  is  attained  at  a  value  of  GQ  ^  of  about  1.5  MN/m  . 

75 •  The  drastic  changes  in  the  strength  of  sand  that  often  occur  in 
the  -5  to  +10  percent  slip  range  greatly  complicate  the  interpretation  of 
test  data  from  programmed-slip  track  tests,  particularly  since  some  points 
of  particular  interest  occur  within  that  range  (fig.  3)»  To  illustrate 
this  problem,  consider  the  pull  performance  developed  by  the  30.5-  by 
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Fit;.  20.  Effect  of  track  slip  on  sand  penetration  resistance 


121.0-cm  track  in  a  number  of  programmed- slip  and  constant-slip  tests.  The 
relation  for  pull  versus  soil  strength  is  presented  for  the  towed  condition 
for  the  two  types  of  tests  in  fig.  21a  and  for  the  5  percent  slip  condition 
in  fir:.  21b.  (Towed  point  is  defined  as  occurring  when  torque  input  at  the 
drive  sprocket  equals  zero  in  a,  programmed- slip  test.)  For  both  the  towed 
and  r>  percent  slip  conditions,  the  constant-slip  tests  produced  changes  in 
pull  with  soil  strength  as  a  function  of  load  in  an  orderly,  well-defined 
manner.  The  scatter  of  data  from  both  groups  of  programmed- slip  tests  al¬ 
lows  little  prospect  for  useful  analysis.  Also,  values  of  towed  force  are 
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generally  smaller*  and  values  of  pull  at  5  percent  slip  are  generally  larger 
for  the  constant-slip  tests  than  for  the  programmed-slip  tests  for  corre¬ 
sponding  conditions  of  load  and  soil  strength.  This  results  since  the  near¬ 
constant  slips  of  both  performance  levels  closely  matched  the  slip  value 
that  produced  peak  after-first-pass  values  of  Gq-15  ProSramme^“sliP 

tests:  thus,  sand  near  maximum  possible  strength  constantly  supported  the 
track  in  the  towed  and  constant  5  percent  slip  tests,  while  sand  of  less 
than  maximum  strength  was  available,  except  at  one  particular  instant,  in 
the  programmed-slip  tests.  Not  only  does  in-sand,  programmed-slip  testing 
of  tracks  produce  first-pass  data  quite  difficult  to  interpret  in  the  -5  to 
•ilO  percent  range,  but  it  also  produces  multiple-pass  data  virtually  impos¬ 
sible  to  analyse  because  of  variations  of  soil  strength  both  within  and  be¬ 
tween  passes.  Thus,  programmed-slip  testing  of  tracks  in  air-clry  sand  gen¬ 
erally  will  not  be  used. 

7 6.  A  third  technique,  programmed- load  testing,  has  been  used  with 
the  model  track  in  air-dry  sand  in  the  large-scale  test  facility.  Load  is 
increased  or  decreased  during  the  test  simply  by  reducing  or  increasing, 
respectively,  pressure  within  the  25-cm-diam  pneumatic  lift  cylinders. 

(The  lift  cylinders  relieve  the  deadweight  of  the  test  carriage  that  is 
transferred  to  the  track  load  axle;  see  paragraph  57.)  This  process 
changes  the  value  of  load  applied  to  the  load  axle  at  a  rate  of  approxi¬ 
mately  1.0  kN/m  of  carriage  travel  with  the  carriage  moving  at  normal  test 
speed.  Thus,  in  the  30-m  length  normally  available  for  testing,  the  total 
load  range  of  the  model  track  can  be  tested  easily.  Constant  20  percent 
slip,  increasing-load  tests  produce  after-first-pass  Gq  ^  values  that 
tend  toward  a  value  of  about  2  (fig.  22).  Differences  in  after-first-pass 
G0-15  valuer>  at  the  smallest  and  largest  values  of  load  are  slight,  how¬ 
ever,  and  similar  values  of  pull  are  developed  in  programmed-load  and 
constant-load  tests  at  comparable  levels  of  load  and  before-traffic  soil 
strength  (fig.  23).  Some  attention  must  be  given  what  appears  to  be  fairly 
substantial  data  scatter  for  the  programmed-load  technique  at  large  values 
of  load.  It  is  concluded,  however,  that  useful  track  performance  data  can 
be  produced  by  constant-slip,  programmed-load  testing. 

77.  No  tests  have  been  conducted  with  the  model  track  in  clay,  but 
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Fig.  23.  Comparison  of  pulls  obtained  in  constant-load  and  programmed- load  track  tests 


changes  in  soil  strength  like  those  mentioned  above  are  not  anticipated 
either  for  programmed- slip  or  programmed- load  testing  in  clay.  Almost 
purely  cohesive,  fine-grained  soils  possess  strength  that  is  not  affected 
by  overburden.  WES  soil  processing  techniques  produce  homogeneous  test  sec¬ 
tions  that  are  effectively  remolded.  Thus,  it  seems  likely  that  neither 
track  load  nor  track  slip  will  influence  the  support  capacity  of  the  soil. 

If  this  is  the  case,  multiple -pass,  either  programmed- slip  or  programmed- 
load  testing  can  be  used  for  tracks  in  clay. 

78.  Each  of  the  three  test  techniques  mentioned  above  can  be  con¬ 
ducted  in  either  of  two  modes.  The  first,  and  more  conventional,  mode  in¬ 
volves  loading  the  track  and  allowing  trim  angle  to  assume  a  value  dictated 
by  the  interaction  of  forces  of  the  soil-track  system.  A  second  mode  in¬ 
volves  mechanically  restraining  the  trim  angle  at  a  preselected  value  and 
measuring  the  torque  required  to  maintain  that  angle  (paragraphs  68-70). 


PART 


LONG-RANGE  TEST  PROGRAM 


Basis  for  Program 

V'.).  To  iovolcp  a  comprehensive,  test-proven  system  for  describing 
quantitatively  the  performance  of  tracks  in  soils,  the  VIES  has  designated 
the  variables  (para, graphs  33-48,  plus  track  slip,  load,  translational  veloc¬ 
ity,  and  soil  strength)  that  are  considered  sufficient  to  describe  the  soil- 
track  system  for  straight-line  operation  on  level,  homogeneous  soil.  To  re¬ 
duce  this  list  to  manageable  size  and  to  identify  the  independent  variables 
that  influence  soil-track  performance  most,  about  25  tests  wil]  be  con¬ 
ducted  and  their  results  analyzed  for  each  type  of  test  soil.  (Appendix  A 

21 

outlines  important  features  of  the  Plackett-Burman  '  design,  which  is  es¬ 
pecially  suited  for  this  purpose.)  A  follow-up  test  program  will  then  be 
ctiiiuclea  In  which  values  of  the  predominant  variables  will  be  changed  sys¬ 
tematically  to  allow  development  of  a  track  performance  prediction  term 
(probably  in  nondimensional  form)  that  will  be  a  function  of  these  vari¬ 
ables.  The  analysis  of  data  from  these  tests  will  be  based  largely  on  di¬ 
mensional  analysis  because,  historically,  it  has  been  successfully  used  in 
many  areas  of  scientific  research  to  describe  a  wide  range  of  complex  phys¬ 
ical  phenomena,  and  because  the  VIES  has  successfully  applied  it  to  describe 
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the  performance  of  tires  in  soil.  5  Certainly,  there  are  important  dif¬ 
ferences  between  tires  and  tracks  insofar  as  their  geometries  and  their 
means  of  gaining  propulsion  through  soil  are  concerned.  However,  the  di¬ 
mensional  frameworks  (in  units  of-  force-length-time)  that  describe  the  soil- 
tire  and  soil-track  systems  are  very  similar,  indicating  that  a  dimensional 
analysis  of  the  soil-track  system  should  attain  the  same  order  of  success 
as  was  achieved  for  the  soil-tire  system. 

80.  Following  this,  a  third  phase  of  testing  and  analysis  will  de¬ 
termine  the  influence  on  track  performance  of  each  of  those  soil-track  pa¬ 
rameters  judged  not  among  the  most  important  by  the  Plackett-Burman  test 
program.  Completion  of  these  three  phases  of  study  should  provide  a  com¬ 
prehensive  system  for  quantitatively  predicting  the  straight-line,  level- 
ground  performance  (drawbar  pull,  sinkage,  trim  angle,  torque  required)  of 


a  track  operating  in  a  given  homogeneous  soil.  Further  analyses  and  tests 
will  be  needed  to  develop  and/or  evaluate  theoretical  descriptions  of  the 
soil-track  system  and  subsystems  and  to  describe  the  effects  on  track  per¬ 
formance  of  vehicle  speed,  vehicle  maneuvering  (steering),  obstacle  tra¬ 
versal,  slope  climbing,  nonuniform  soil  strength  profiles,  strength  charac¬ 
teristics  of  c-j  soils,  unusual  track  geometries,  novel  track- shoe  shapes, 
etc . 

3l.  neither  the  amount  of  testing  nor  a  comprehensive  listing  of  all. 
possible  soil-track  parameters  that  will  lie  investigated  by  the  can  be 
enumerated  at  this  time.  Time,  funding,  and  circumstances  will  play  a 
large  role  in  the  final  determination  of  these  important  factors.  However , 
the  following  paragraphs  outline,  in  as  quantitative  form  as  practical,  the 
best  estimate  that  ean  be  made  now  of  how  the  overall  WKS  soil-track  test 
program  will  be  pursued. 


Outline  of  Program 


82.  Tests  and  analyses  of  the  soil-track  systems  and  subsystems  will 
be  described  in  a  series  of  WES  technical  reports  under  the  general  title 
"Performance  of  Soils  Under  Track  Loads."  Titles  of  particular  reports 
that  will  follow'  this  one,  together  with  brief  descriptions  of  the  content 
and  the  required  test  program  and  method  of  analysis  for  each,  are  given  be¬ 
low.  The  descriptions  are  tentative;  titles,  contents,  and  the  order  of 
reporting  are  all  subject  to  change. 

Report  2:  Track  Per- 
formancc  in  a  Desert  Sand 

83.  The  Plackett-Burman  technique  described  in  Appendix  A  of  this 
report  will  be  applied  to  determine  the  primary  independent  variables  for 
tracks  operating  in  air-dry  Yuma  sand.  If  four  to  five  major  system  vari¬ 
ables  are  revealed,  constant-slip  tests  will  be  conducted  at  two  to  five 
levels  for  each  variable,  so  that  100  to  lfO  tests  likely  will  be  required 
to  develop  a  basic-parameter,  one-slip-level  (near  maximum  pull)  track  per¬ 
formance  prediction  term.  Data  tables,  plots  of  basic  soil -track  relations, 
ar.d  a  step-by-step  development  of  the  prediction  term  will  be  presented. 


Report  K :  Track  Mobility 
lumber  for  doarse-Sruined  Soils 


°'i.  Tests  utiliving  the  fixed-trim-ancle  mode  (paragraphs  63-70) 
will  be  used  to  examine  the  effect  of  an  externally  applied  moment  on  track 
performance.  Tests  will  be  conducted  in  two  soils,  air-dry  Yuma  sand  and 
mortar  sand,  and  at  several  performance  levels  to  include  the  towed,  self- 
propelled,  and  near-maximum  pull  conditions.  The  effect  on  track  perform¬ 
ance  of  each  soil-track  parameter  not  included  in  the  basic-parameter  pre¬ 
diction  term  of  Keport  2  will  be  determined,  and  the  prediction  term  modi¬ 
fied  ti  include  functions  of  any  additional  parameters  that  influence  track 
per  fc  rrr.nr.ee  significantly  • 

Keport  h :  Track  Perform- 
ar.ee  in  Fine-Grained  Soils 

3h.  It  is  anticipated  that  either  programmed- slip  or  progrrunmed-load 
testing  in  either  the  fixed-trim-angle  or  free-trim-angle  mode  can  be  used 
to  test  tracks  in  clay.  The  Plackett-Burman  technique  will  be  used  to  de¬ 
termine  the  primary'-  independent  variables  of  the  clay-track  system.  Prob¬ 
ably  100  to  150  tests  (programmed-slip,  constant-load)  will  be  required  to 
develop  a  basic-parameter  track  performance  prediction  term  for  one  soil 
(saturated  fat  clay)  and  at  all  performance  levels  of  interest;  some  50  to 
100  tests  may  be  needed  to  validate  or  alter  the  form  of  the  prediction 
term  for  a  second  fine-grained  soil  (probably  a  lean  clay) .  Some  addi¬ 
tional  testing  may  be  needed,  particularly  at  the  start  of  the  test  program, 
to  develop  the  physical  techniques  required  to  conduct  multiple-pass  tests 
with  the  geometrically  complex  track  in  sticky  clay. 

Report  5:  Track  Mobility 
Number  for  Fine-Grained  Soils 

86.  The  effects  of  each  of  the  variables  judged  not  among  the  most 
important  by  the  Plackett-Burman  evaluation  of  Report  It  will  be  evaluated.  I 

Hack  variable  likely  will  be  tested  at  about  three  values  over  a  range  of 
values  of  the  prediction  term  developed  in  Report  U .  The  form  of  the  pre¬ 
diction  term  will  be  modified  to  account  for  the  influence  of  any  of  the 
secondary  variables  found  to  affect  track  performance  significantly. 


Report  t>:  Track  Perform- 
ance  on  Layered  Soil  Systems 


By.  base-line  testa  vail  be  conducted  in  test  sections  of  fat  clay 
at  one  .low  and  one  high  strength  level  for  six  track  geometries  and  a  broad 
range  of  track  loads  for  each.  Thereafter,  test  sections  will  be  con¬ 
structed  first  with  a  layer  of  low- strength,  clay  overlying  high-strength 
clay  (to  simulate  swampy  or  marshy  conditions  . -r  soil  conditions  following 
heavy  rains),  and  then  with  the  high-strength  layer  overlying  the  low- 
strength  one  (to  simulate  low-strength  soil  whoso  urvo  layer  has  dried  and 
gained  strength).  The  depth  of  the  upper  layer  in  each,  case  will  he  in¬ 
creased  in  increments  of  about  3  cm  in  successive  tests  until  the  influence 
of  the  lower  layer  on  track  performance  is  eliminated.  Analysis  will  deter¬ 
mine  how  track  performance  is  affected  by  the  relation  of  (a)  track  geometry 
and  test  load  to  (b)  depth  to  soil  strength  change.  Analysis  also  will  de¬ 
termine  hew  soil  strength  measurements  from  layered  systems  can  he  inter¬ 
preted  to  provide  values  compatible  with  values  from  homogeneous  test 
sections . 

SB.  Tests  will  he  conducted  in  test  sections  of  air-dry  sand  in 
which  a  very  dense  lower  layer  of  sand  supports  a  less  dense  upper  layer. 

The  upper  layer  will  he  constructed  to  at  least  three  values  of  penetration 
resistance  gradient.  Again,  depth,  of  the  upper  layer  will  he  increased  in 
increments  of  about  3  c:n  in  successive  tests  until  the  influence  of  the 
bottom  layer  on  track  performance  is  eliminate- 1.  A  sufficient  number  of 
track  geometries  and  test  loads  will  he  tested  to  determine  how  track  geom¬ 
etry,  test  load,  and  changes  in  soil  strength  with  depth  are  related,  and 
how  nonuni  form  soil  profile  strength,  values  should  he  interpreted.  Pos¬ 
sibly,  particularly  for  the  tests  in  clay,  very  small  s-'s.l e-model  traces 
will  be  tested  sc  that  test  sections  of  small  sine  can  he  used,  thereby  re¬ 
ducing  the  substantial  physical  problems  involved  in  constructing  layered, 
soil  systems. 

Report  'f:  Theoretical  Studies 

89.  Report  7  will  include  evaluation  of  existing  theories  and  per¬ 
haps  development  of  a  new  theory.  Checks  on  theories  will  he  made  by  using 
data  from  the  above  reports  and  from  whatever  additional  tests  arc  required. 


_7_. 


deport  8:  gym .pais 
i  !*  < *  •'  Per  fc-r::innoc 

90.  Report  9.  v;i  1  1  summarise  major  findings  of  all  of  the  previous 
reports.  compare  the  best  available  theoretical  and  empirical  methods  of 
iescribinr  soil- track  systems ,  and  propose  track  design  criteria.  Field 
tests  vi 1 1  be  conducted  and  the  data  evaluated  to  determine  to  what  extent 
laboratory-developed  track  performance  prediction  terms  must  be  modified 
to  predict  ir.-tkc-field  performance.  The  field  tests  will  be  designed  to 
determine  the  .influence  on  track  performance  of  weight  transfer,  vehicle 
steering,  articulation  of  multiunit  tracked  vehicles,  and  'unusual  track 
cor.  figurations . 
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APPENDIX  A:  IDENTIFICATION  OF  PRIMARY  SYSTEM 
VARIABLES  FROM  A  PLAC KETT-BURMAN  TEST  DESIGN 


1.  A  statistical  design  of  experiments  by  the  Plachett-Burman  method 
is  based  on  balanced  incomplete  blocks  and  is  aimed  at  identifying  the  most 
important  variables  in  a  system  as  candidates  for  further,  more  detailed 
study.  The  design  accompli shes  tliis  objective  with,  a  minimum  amount  of 
testing  and  is  especially  useful  in  the  study  of  practically  any  system  be¬ 
ing  examined  for  the  first  time.  References  23,  26,  and  27  (see  Literature 
Cited  at  the  end  of  the  main  text)  explain  in  detail  the  theoretical  bases 
upon  which  this  design  is  built;  this  appendix  will  describe  only  the  me¬ 
chanics  of  applying  the  design. 

2.  First,  t lie  experimenter  lists  all  possible  variables  in  his  test 
system  that  have  even  a  remote  chance  of  significantly  influencing  the  test 
results  and  that  can  be  closely  controlled.  Each  variable  is  assigned  one 
practical  high-level  value  and  one  practical  low-level  value  at  which  it 
will  be  tested.  The  experimenter  next  chooses  a  design  of  size  N  ,  where 
N  usually  is  taken  as  the  number  of  tests  or  number  of  rows  in  a  Piacket't- 
Burman  matrix  that  is  just  one  larger  than  the  number  of  controlled  vari¬ 
ables.  A  matrix  of  l6  rows  designed  to  study  the  effects  of  15  controlled 
variables  (A-O)  in  l6  tests  is  shown  in  fig.  Al.  The  +  and  -  signs  signify 
the  upper-  and  lower-level  values  at  which  the  system  variables  are  tested. 
It  is  possible,  then,  in  N  tests  to  determine  the  relative  importance  of  • 
as  many  as  II  -  1  variables.  Furthermore,  it  is  possible  to  determine  the 
significance  of  these  N  -  1  variables  on  as  many  test  responses  as  the 
experimenter  cares  to  measure;  i.e.  in  each  test  the  experimenter  can  meas¬ 
ure  as  many  test  responses  as  he  pleases  for  each  test  conducted.  Treating 
each  type  of  test  response  individually,  he  can  then  determine  the  relative 
importance  of  each  of  the  controlled  variables  on  that  type  of  response. 

3.  The  heart  of  a  Plackett-Burmar.  design  is  a  matrix  like  that  shown 
in  fig.  Al.  Each  column  in  the  matrix  corresponds  to  a  variable  of  the 
test  system,  and  each  row  represents  the  levels  of  the  variables  associated 
with  one  test.  The  sign  is  consistent  along  any  diagonal  from  right  to 
left  beginning  at  any  location  along  either  the  top  row  or  the  far 
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plackett-burman  matrix  for  determining  the  effects  OF  15 

VARIABLES  AT  TWO  LEVELS  USING  18  RUNS. 
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FIRST  ROW  OF  PLACKETT-BURMAN  MATRIX  FOR  SEVERAL  VALUES  OP  N 

I'irr.  Al.  Some  Plackett-Burman  matrices 
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Plackett- 


right-hand  column,  except  that  the  last  row  has  all  minus  signs. 

Burmnn  matrices  for  all  other  values  of  II  have  these  same  characteristics. 
Therefore,  any  Plaekett-Burman  matrix  is  defined  when  only  its  first  row  is 
known.  The  first  rows  of  matrices  for  several  values  of  V.  are  sliovm  at 
the  bottom  of  fig.  Al. 

I| .  The  effect  of  a  parameter  on  a  given  response  is  defined  as  the 
difference  between  the  average  value  of  the  response  for  all  tests  at  the 
high  level  and  the  average  value  of  the  response  for  all  tests  at  the  low 
level,  e.g.  for  K  --  l6 


I  fleet  of  A  -  E 


'A 


)Z  responses  at  (  i  )  _  £  responses  at  (-)  ^  ^ 


To  see  why  this  simple  formulation  works,  refer  to  fig.  Al.  V.'i.en  variable 
A  is  at  its  high  level,  variable  B  is  high  four  tim.es  and  low  four  times 
(note  the  circled  entries).  Likewise,  when  A  is  at  its  lew  level,  B  is 
high  in  four  tests  and  low  in  the  other  four.  Thus,  the  net  effect  of 
changing  variable  B  cancels  in  calculating  the  effect  of  A  .  The  re¬ 
maining  variables  balance  in  this  same  way,  so  that  the  net  difference  is 
only  the  effect  of  A  .  Despite  the  simplicity  of  equation  Al,  the  results 
obtained  through  its  use  are  equivalent  to  those  obtainable  by  a  complete 
multiple  regression. 

p .  Hot  all  of  the  lh  columns  shown  in  fig.  Al  represent  real  experi¬ 
mental  variables;  G  ,  II  ,  and  0  are  dummy  variables.  Thus,  although  a 
column  of  +'s  and  -'s  is  listed  under  each  cf  G  ,  N  .  and  0  ,  no 
changes  in  test  conditions  are  made  corresponding  to  these  signs;  that  is, 
when  the  actual  test  program  is  conducted,  the  +  and  -  signs  under  columns 
for  the  dummy  variables  are  regarded  as  not  being  there  at  all;  however, 
their  effects  are  calculated  in  the  same  way  as  the  effects  of  the  real 
variables.  The  effect  of  a  dummy  variable  is  zero  if  (a)  there  are  no 
interactions  of  the  real  variables,  and  (b)  there  is  r,o  error  in  px'oducing 
the  conditions  described  by  the  Plaekett-Burman  matrix  and  in  recording  the 
test  response.  If  the  effect  of  the  dummy  variable  is  not  zero  (and  in  the 
real  world  it  will  not  be),  then  the  magnitude  of  the  effect  is  taken  as  an 
estimate  of  experimental  error.  To  be  more  specific,  the  magnitudes  of  the 
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dummy  variables  are  used  to  estimate  the  variance  of  each  of  the  test  vari¬ 
ables  in  the  following  manner: 


V 


eff 


7.tea)2 


(AS) 


where 


V  ,, 
et  t 


'd 

n 


lor  example , 


estimate  of  the  variance  of  the  effect  of  each  real  test 
variable 

effect  of  a  dummy  variable 
number  of  dummy  variables 

an  estimate  of  the  variances  of  A  in  fig.  A1  is 


v  Sum  of  squares  of  the  effects  of  the  dummy  variables 
‘A  Number  of  dummy  variables 

V  =  E(G)  *  EW  *  E(0) 

A  3 

The  standard  error  of  each  test  variable  is  defined  as  the  square  root  of 
its  variance,  or 


S.E 


'eff  "sFeff 


(A3) 


The  significance  of  the  effect  of  each  test  variable  can  then  be  determined 
through  use  of  its  t-statistic,  defined  as 

effect 


The  value  of  t  ,  together  with  the  number  of  degrees  of  freedom  for  the 
distribution  of  the  response  (i-.e.  the  number  of  dummy  variables),  is  then 
compared  with  values  in  a  table  like  that  of  fig.  A2. 

6.  Several  important  features  of  the  Plackett-Burman  design  are  il¬ 
lustrated  best  by  example.  Data  that  resulted  from  application  of  the 
matrix  of  fig.  A1  are  presented  in  fig.  A3.  Units  of  the  variables  are  not 
listed,  but  levels  in  columns  2  and  3  might  be  2  kN  and  10  kN,  0.5  tr/sec 
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P  IS  The  PROBABILITY  OF  HAVING  t  THIS  LARGE  OR  LARGER  IN  SIZE  BY  CHANCE. 


Fift.  A2.  Table  for  t-test  of  significance  between  two  sample  means 
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Fir.  A3*  Variables  and  their  significance 


and  2.0  m/sec,  V>  cm  and  >>0  cm,  etc.,  if  variables  A  ,  R  ,  and  C  were 
test  lend,  velocity,  and  width,  for  example.  For  variable  A  ,  the  t 


value  Lr>  computed  an  t 


A 


-19- 4 


,V( 0.116)2 


(3.97  hf  +  (0.3  ?\)‘ 


-8.43, 


(The  sign  of  the  effect  in  important  (e.g.  changing  the  level  of  variable 
A  from  its  low  to  its  high  level  caused  the  effect  of  the  measured  re¬ 
sponse  to  decrease  by  19 - -f  1  units),  but  the  sign  of  the  value  of  t  can  be 
ignored  (i.e.  all  t  values  are  considered  positive  in  using  the  table  of 
fig.  A2)  ).  Filtering  the  table  of  fig.  A2  on  line  3  (since  there  are  three 
dummy  variables,  or  degrees  of  freedom),  it  is  seen  that  8.43  is  larger 
than  '.84,  which  is  the  smallest  t  value  required  for  P  =  0.01  when 
■if  ---  3  •  Thus,  it  is  concluded  that  the  effect  of  A  is  real  (i.e.  that 
it  is  not  caused  by  chance)  with  (100  -  l)  =  99  percent  confidence.  The 
relative  significance  of  the  other  variables  is  determined  in  the  same  man¬ 
ner.  Generally,  the  t  test  must  produce  a  confidence  level  of  at  least 
70  percent  to  indicate  that  more  careful  study  of  a  variable  is  justified. 

7.  It  is  important  to  recognize  the  influence  of  the  number  of  the 
degrees  of  freedom  on  the  t  test.  Note  from  the  last  column  in  fig.  A2 
that  the  values  of  t  drop  drastically  as  the  number  of  degrees  of  freedom 
increase  from  one  to  three  and  then  continue  to  drop  much  more  slowly  there¬ 
after.  This  same  trend  is  seen  for  all  other  columns,  i.e.  all  other  val¬ 
ues  of  P  ,  in  the  table.  This  indicates  that  the  prospect  of  obtaining  a 
t  value  large  enough  to  indicate  significance  at  a  given  confidence  level 
is  greatly  improved  if  at  least  three  degrees  of  freedom  are  present  in  the 
test  program.  In  other  words,  the  t  test  of  significance  is  much  more 
sensitive  if  at  least  three  dummy  variables  are  included  in  the  test  system. 
This  requirement  changes  the  meaning  of  a  statement  made  in  paragraph  2. 
Using  a  Plackett-Burman  matrix  test  design,  it  is  possible  in  N  test  runs 
to  determine  the  importance  of  N  -  1  total  variables;  however,  only  about 
N  -  4  of  these  should  be  real  variables. 

8.  Like  any  other  method  of  designing  test  programs,  the  Plackett- 
Burman  technique  has  its  limitations,  mainly  two:  Firstly,  the  high  and 
lew  levels  of  the  test  variables  must  be  selected  such  that  the  test  con¬ 
ditions  defined  by  each  and  every  row  in  the  design  matrix  can  be  satisfied. 
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The  physical  requirements  for  satisfying  all  of  these  combinations  may 
limit  the  range  of  some  of  the  variables  to  the  point  where,  for  all  prac¬ 
tical  purposes,  they  are  eliminated  from  consideration.  This  follows  from 
the  fact  that  the  t  value  for  the  test  of  relative  significance  of  each 
variable  is  influenced  by  the  magnitude  of  the  high  and  low  levels  at  which 
tham  variable  was  tested. 

9*  Secondly,  the  Plackett-Eurman  design  is  highly  fractionated  and 
confounding  exists  among  the  variables.  The  main  effects,  i.e.  the  effect 
of  each  of  hhe  individual  variables,  are  not  confounded  with  each  other, 
but  because  of  the  high  fractionation,  each  main  effect  is  confounded  with 
large  numbers  of  two-factor,  three-factor,  and  higher  order  interactions. 
This  means  that  it  is  not  possible  to  identify  the  effects  that  result  when 
each  single  variable  interacts  with  other  combinations  of  two  or  more  vari¬ 
ables.  Fig.  Ah  shows  the  confounding  of  the  main  effects  with  all  two- 
factor  interactions  for  the  matrix  of  fig.  Al.  (Tables  like  that  in  fig. 

Ah  can  be  constructed,  only  for  a  Plackett-Burman  matrix  whose  value  of  II 
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Fig.  Ah.  Primary  and  two-factor  effect  confounding 

is  an  integral  power  of  2.)  Generally,  but  net  always,  interactions  of 
higher  than  second  order  are  not  significant.  From  fig.  A3,  dum!:sv  variable 
(il)  has  a  large  t  value,  1.72,  which  indicates  that  its  effect  is 
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significant  at  the  80  percent  confidence  level.  Quite  likely,  this  is  the 
result  of  an  interaction  of  variables  B  and  C  .  BC  is  or.e  of  the  two- 
factor  interactions  with  which  (n)  is  confounded,  and  the  effects  of  both 
B  and  C  were  found  to  be  significant.  This  conclusion  appears  logical, 
but  there  is  no  way  to  verify  suspicions  of  this  sort  without  further  ex¬ 
perimental  work. 

10.  In  summary,  the  Plackett-Burman  method  of  designing  test  pro¬ 
grams  can  be  used  with  a  very  limited  amount  of  testing  to  identify  the  im¬ 
portant  variables  in  a  test  system.  In  the  example  described  by  figs. 

A1-A3,  the  importance  of  15  total  and  12  real  ,rariables  was  examined  in  a 
program  of  on±y  l6  tests.  Of  these  12,  only  4  or  possibly  5  were  found  to 
significantly  affect  the  test  response.  If  care  and  good  .judgment  are  exer¬ 
cised  at  all  stages,  the  Plackett-Burman  technique  can  be  an  extremely  use¬ 
ful  tool  in  defining  the  size  and  predominant  variables  of  an  experimental 
system. 


APPENDIX  B:  WES  MOBILITY  INDEX  FORMULAS 
FOR  TRACKED  VEHICLES 


1.  The  following  two  formulas  we re  developed  by  WES  to  describe  in- 
the-field  tracked  vehicle  performance  for  the  towed  and  self-propelled  con¬ 
ditions  . 

Towed  tracked  vehicles 


Mobility 

index 
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clearance  +  30 


wherein 


Contact 

gross  weight  in  lb 

pressure 

factor 

area  of  tracks  in  contact  with  ground  in  sq  in. 

Weight 

515.000  lb  =  1.0 

factor 

<15,000  lb  =  0.3 

Track 

track  width  in  in. 

factor 

100 

Bogie 

gross  weight  in  lb  divided  by  10 

factor 

(total  no .  of  bogies  on  track  in  contact  with 
ground)  x  (area  of  1  track  shoe  in  sq  in.) 

Clearance  =  clearance  in  in. 
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.ere  in 


Ci  'iitnot 
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_ g ross  weight  in  lb _ 

area  of  tracks  in  contact  with  ground,  in  sq  in. 


<50,000  lb  =1.0 

V.' eight  50,000  to  69, 999  lb  =  1.2 
factor  70,000  to  99,999  lb  =  1.4 
>100,000  lb  =1.8 


T r a c > _  track  width  in  in. 
factor  100 


Oreuser  grousers  <1.5  in.  high  =  1.0 
factor  grousers  >1.5  in.  high  =  1.1 


Bogie  _  _ gross  weight  in  lb  divided  by  10 _ 

factor  ~~  (total  no.  of  bogies  on  tracks  in  contact  with 
ground)  x  (area  of  1  track  shoe  in  sq  in.) 


Clearance  clearance  in  in. 
factor  -  10 


Engine  a  10  hp/ton  of  vehicle  vrt  =  1.0 
factor  <10  hp/ton  of  vehicle  vrt  =  1.05 


Transmission  hydraulic  =1.0 
factor  mechanical  =  1.05 
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